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ABSTRACT 


This  work  represents  a synoptic  study  conducted  in  the 
North  Pacific  Ocean  to  determine  mass,  salt,  and  heat  trans- 
ports from  a calculation  of  geostrophic  currents.  Compre- 
hensive depth,  temperature,  and  salinity  data  were  obtained 
from  the  INDOPAC  I and  XVI  expeditions  (April  1976  and  July 
1977)  which  covered  a complete  cross-sectional  area  along 
3S°N  from  California  to  Japan. 

The  geostrophic  approximation  was  assumed  valid.  A level 
of  no  motion  was  determined  at  851  meters  by  establishing 
mass  continuity  across  the  latitudinal  cross  section.  A net 
northward  salt  transport  of  16.27  x 101"  °/oo/sec  was  deter- 
mined. 

1 2 

A resulting  meridional  heat  transport  of  288  x 10  cal/ 
sec  toward  the  equator  was  determined.  It  would  have  been 
expected  that  most  of  the  oceanic  heat  transport  would  take 
place  in  the  upper  waters  where  the  temperature  and  currents 
are  much  higher  and  stronger  and  that  the  transport  would  be 
poleward.  However  this  study  showed  that  the  lower  tempera- 
tures found  at  depth,  transported  at  slower  velocities,  can 
balance  the  upper  waters’  heat  transport  due  to  the  tremendous 
volume  of  middle,  deep,  and  bottom  water. 

The  southward  heat  transport  agrees  with  previous  research 
estimates  by  several  authors  using  earlier  and  less  synoptic 
data  with  other  methods  and  may  be  compensation  for  excess 
atmospheric  poleward  heat  transport. 
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I.  INTRODUCTION 


Scientists  have  theorized  on  the  earth's  heat  budget 
and  resulting  transporting  mediums  for  almost  two  centuries. 
It  had  long  been  recognized  that  the  earth's  polar  regions 
lose  more  energy  by  long-wave  radiation  to  space  than  they 
receive  by  incoming  solar  radiation.  Conversely,  the  equa- 
torial regions  gain  more  energy  by  incoming  solar  radiation 
than  they  lose  via  long-wave  radiation  to  space.  However, 
since  the  polar  regions  have  not  become  progressively  colder, 
nor  have  the  equatorial  regions  become  progressively  warmer, 
it  was  assumed  that  the  excess  heat  in  the  tropics  must  be 
transported  poleward  by  some  mechanism  of  energy  transfer. 

The  conduction  of  geothermal  or  oceanic  heat  through  the  sea 
floor  is  relatively  small;  consequently  the  earth's  fluid 
envelope  - the  atmosphere  and  hydrosphere  - must  act  as  the 
exchange  medium  for  this  transfer  of  energy  (Jung,  19SS). 

The  problem  then  became,  and  still  remains,  to  determine  how 
this  transport  is  partitioned  between  (a)  the  fluxes  of  sen- 
sible heat,  potential  energy,  and  latent  heat  of  water  vapor 
in  the  atmosphere  and  (b)  the  flux  of  energy  in  ocean  cur- 
rents (Bryan,  1962). 

Although  much  more  is  known  about  energy  fluxes  in  the 
atmosphere  than  in  the  ocean,  the  existence  of  warm  and  cold 
ocean  currents  has  been  known  to  mariners  for  hundreds  of 
years  (Emig,  1967).  Jung  (1952),  Sverdrup  (1957),  Bryan 
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(1962),  and  Emig  (.1967)  have  shown  that  the  transport  of 
energy  by  ocean  currents  is  quite  considerable.  Sverdrup 
(19S7)  and  Bryan  (1962)  went  on  to  inu*cate  that  oceanic 
heat  transport  is  of  importance  to  the  meteorologist  as 
well,  thus  portending  the  present  day  studies  of  air-sea 
interaction  (Perry  and  Walker,  1977). 

There  has  been  much  controversy  over  the  years  as  to 
the  relative  importance  of  the  ocean's  versus  the  atmo- 
sphere's role  in  meridional  heat  transport.  Maury  (135o) 
thought  the  hydrosphere  held  the  predominant  role.  Angstrom 
(192S)  and  Vonder  Haar  and  Oort  (^’S)  found  the  atmospheric 
and  oceanic  transports  were  of  comparable  overall  importance. 
Jung  (1955)  felt  that  although  the  role  of  the  ocean  was 
less  important  than  the  atmosphere's,  the  ocean's  contribu- 
tion was  far  from  negligible  and  thus  should  be  seriously 
considered. 

In  1952, Jung  proved  that  the  transfer  of  all  forms  of 
energy  in  the  ocean  is  very  accurately  approximated  by  the 
transfer  of  thermal  energy  alone.  There  are  two  methods 
used  for  the  measurement  of  oceanic  heat  or  thermal  trans- 
port. The  first  consists  of  measurements  of  heat  transport 
based  on  calculations  of  dynamic  heights  to  obtain  velocity 
from  direct  measurements  of  salinity,  temperature,  and 
depth.  The  second  method  utilizes  heat  balance  computa- 
tions (Bryan,  1962). 

Many  studies  of  meridional  heat  transport  have  been 
done  in  the  North  Atlantic  Ocean  (Jung,  1955  ; Budyko,  1 9 So ; 


Sverdrup,  1957;  Bryan,  1962;  Sellers,  1965;  Vonder  Haar  and 
Oort,  1973;  Oort  and  Vonder  Haar,  1976)  but  only  the  most 
recent  one  (Baker,  1978)  had  the  fortune  to  have  nearly 
synoptic  data.  In  the  North  Pacific  Ocean,  relatively  few 
comprehensive  studies  have  been  conducted  (Bryan,  1962; 
Wyrtki,  1965)  and  none  have  used  synoptic  data. 

This  study  is  the  first  synoptic  or  nearly  synoptic  com- 
prehensive study  of  the  meridional  heat  transport  in  the 
North  Pacific  Ocean.  Data  were  obtained  from  the  Scripps 
Institution  of  Oceanography  by  the  R/V  Thomas  Washington's 
INDOPAC  I cruise  in  March/April  19^6  with  supplemental  data 
from  a subsequent  INDOPAC  XVI  cruise  in  July  1977.  Computa- 
tions were  based  on  direct  measurements  of  depths,  salinity, 
and  temperature.  Dynamic  heights  and  the  level  of  no  motion 
were  calculated  using  a computer  and  resulting  net  mass, 
salt,  and  heat  transports  were  determined. 
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II . BACKGROUND 

A.  PREVIOUS  MEASUREMENTS 

Present  knowledge  concerning  heat  transport  in  the 
world's  ocean  is  relatively  poor  since  few  studies  have 
been  made  and  of  those,  most  were  performed  using  dissimi- 
lar methods,  thereby  making  a meaningful  comparison  of 
transports  difficult. 

Houghton  (1954)  studied  the  Northern  Hemisphere  heat 
balance  and  used  observational  data  from  the  North  American 
pyrheliometric  network.  His  calculations  of  atmospheric 
radiation  made  no  assumptions  regarding  the  planetary  albedo 
nor  the  albedo  of  clouds.  Sverdrup  (1957)  was  the  first 
researcher  to  calculate  meridional  heat  transport  by  the 
heat  budget  method.  He  calculated  heat  sources  and  sinks 
at  the  ocean  surface  using  radiation  data  (Kimball,  1928) 
and  charts  of  evaporation  and  turbulent  heat  flux  (Jacobs, 
1951).  Heat  storage  problems  were  not  considered  since  he 
assumed  that  the  heat  content  of  the  ocean  was  not  changing 
appreciably  with  time.  Heat  transport  was  computed  by  in- 
tegrating its  divergence  between  latitude  belts  as  bound- 
aries. Both  Sverdrup  and  Houghton  concluded  that  the  mean 
oceanic  heat  transport  for  the  North  Pacific  was  poleward 
and  estimated  to  only  be  10$  of  that  transported  by  the  at- 
mosphere. Several  authors  (Manabe,  1969;  Bryan  et  al . , 

1975)  used  numerical  models  of  the  ocean-atmosphere  system 
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and  concluded  that  a net  poleward  transfer  of  heat  was 
more  probable  than  an  equatorward  transfer  of  heat. 

However,  Patullo  (1957)  and  Wyrtki  (196S)  calculated 
an  influx  of  heat  to  the  ocean  from  the  atmosphere  thereby 
inferring  an  equatorward  heat  transfer.  Tabata  (1965) 
also  calculated  a net  annual  heat  gain  as  far  north  as  50° 
latitude  at  Ocean  Station  Papa  (S0°N,  14S°W).  Bryan  (196.2), 
using  a method  for  combining  hydrographic  station  data 
and  climatological  estimates  of  surface  wind  stress,  con- 
cluded the  presence  of  an  equatorward  heat  transport.  He 
used  the  NORPAC  data  of  August  1955  and  heat  balance  maps 
compiled  by  Budyko  (1956)  and  Albrecht  (1960). 

In  1952,  Jung  suggested  that  the  meridional  circulation 
in  the  vertical  plane  could  be  of  significant  importance, 
in  addition  to  the  horizontal  meridional  circulation,  in 
determining  heat  transports.  Bryan  (1962)  later  stated 
that  the  slower  mean  currents  in  the  vertical  plane  could 
dominate  heat  transport  in  the  oceans  (Tabata,  1975). 

B.  THE  LEVEL  OF  HO  MOTION 

Since  this  study  utilized  the  dynamical  method  for 
calculating  mass,  salt,  and  heat  transports,  the  problem 
of  determining  a reference  level  along  which  the  velocity 
is  zero  had  to  be  solved.  This  was  done  so  that  absolute 
current  velocities  may  be  determined  when  the  relative 
current  velocities  are  referred  to  this  level  of  no  motion 
(LNM) . In  essence,  the  reliability  of  dynamic  calculations 
depends  on  an  accurate  determination  of  the  LNM.  Greeson 


(1974)  provided  a detailed  discussion  of  the  historical  de- 
velopment of  the  various  methods  of  LNM  determinations. 

The  four  basic  methods  that  have  been  postulated  thus 
far  include  choosing  the  LNM:  1)  at  a sufficient  great  depth, 
2)  at  the  level  of  oxygen  minimum,  3)  by  Defant's  method, 
and  4)  based  on  the  equation  of  continuity. 

The  earliest  method  depended  on  choosing  the  LNM  at  a 
great  depth.  It  was  felt  that  in  deep  waters,  the  isopycnal 
surfaces  are  nearly  horizontal  and  in  general,  all  the 
oceans'  deep  waters  are  nearly  uniform.  It  was  therefore 
assumed  that  the  isobaric  surfaces  were  also  horizontal  and 
motionless.  The  discovery  of  substantial  currents  on  the 
deep  ocean  floors  has  since  invalidated  this  theory. 

In  1916,  Jacobsen  initiated  a second  theory  which  stated 
that  the  LNM  was  also  the  level  of  oxygen  minimum.  It  was 
assumed  that  biological  processes  consume  oxygen  by  oxida- 
tion of  organic  matter  at  all  levels.  Therefore  layers 
where  the  oxygen  supply  has  not  been  replenished  after  oxida- 
tion are  layers  of  minimum  horizontal  motion.  This  argument 
runs  into  difficulty  when  one  consideis  that  the  distribu- 
tion of  oxygen  in  the  oceans  has  been  assumed  to  be 
stationary,  meaning  that  the  inflow  of  oxygen  at  a given 
time  and  volume  by  physical  processes  must  exactly  equal  the 
consumption  of  oxygen  by  biological  processes  at  the  exact 
same  time  and  volume.  This  requirement  leads  to  certain 
conceptions  about  the  biological  community  which  appear  ex- 
tremely arbitrary.  Rossby  and  Iselin,  in  two  separate 
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studies  in  1936,  tended  to  disclaim  the  veracity  of  this 
method.  In  1937,  Dietrich  showed  in  his  Gulf  Stream  experi- 
ment that  utilization  of  the  oxygen  minimum  as  the  LNM  was 
in  error. 

Defant  (1941)  felt  that  the  LNM  lies  within  the  inter- 
val where  the  relative  distances  between  isobaric  surfaces 
remains  nearly  constant  within  certain  intervals  of  depth. 
However,  accuracy  of  this  method  is  downgraded  due  to  the 
accumulation  of  errors  involved  in  its  calculation. 

Sverdrup  e_t  al..  (1942)  developed  a method  based  on  the 
equation  of  continuity.  It  is  evident  that  the  net  trans- 
port of  water  through  any  cross-section  in  an  ocean  basin 
must  be  equal  to  zero  because  water  cannot  be  continuously 
removed  or  accumulated.  In  the  North  Pacific,  a LNM  had  to 
be  chosen  where  the  net  mass  transport  in  one  direction  be- 
low the  LNM  must  equal  the  net  mass  transport  in  the  other 
direction  above  the  LNM.  This  method  has  not  been  used  until 
recently,  since  it  requires  a comprehensive  and  nearly 
synoptic  data  base  across  an  entire  vertical  cross-section 
of  the  ocean.  Sverdrup's  method  was  used  in  this  study  due 
to  the  availability  of  the  INDOPAC  data. 

Several  other  methods  for  determining  the  LNM  have  been 
suggested.  In  1938,  Parr  developed  a method  dealing  with 
the  distortion  of  the  thickness  of  isopycnal  layers.  Fomin 
(1964)  added  the  importance  of  the  vertical  water  density 
gradient  to  Parr's  work.  Hidaka  (1940)  developed  two  methods. 
The  first  dealt  with  the  salinity  distribution  in  the  water 
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column,  the  second  involved  the  continuity  equations  and 
the  computation  of  the  vertical  distribution  of  current 
velocity  by  the  dynamic  method.  In  1956,  Stommel  developed 
a method  based  on  Ekman’s  concept  of  the  ocean  consisting 
of  a wind  driven  surface  layer  of  frictional  influence  and 
a deeper  frictionless  geostrophic  layer.  The  most  recent 
method  was  developed  by  Stommel  and  Schott  in  1977  and  was 
based  on  the  beta-spiral  and  the  determination  of  the 
absolute  velocity  field  from  density  data.  All  of  these 
methods  are  described  in  detail  by  Baker  (1978). 

As  suggested  from  this  literature  survey,  an  accurate 
determination  of  the  LNM  is  still  subject  to  debate.  This 
must  be  kept  in  mind  when  viewing  the  results  of  any  study 
which  is  based  on  its  determination. 
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III.  STATEMENT  OF  THE  PROBLEM 

The  objectives  of  this  study  were  to:  (1)  manipulate 
large  amounts  of  data  from  a Scripps  Institution  of  Oceano- 
graphy magnetic  computer  tape  to  a medium  and  form  com- 
patible with  the  U.S.  Naval  Postgraduate  School's  IBM  360/67 
computer  and  with  the  basic  computer  program  developed  by 
Greeson  (1974);  (2)  develop  a computer  subroutine  to  enable 
the  computer  to  automatically  select  a level  of  no  motion 
vice  having  the  researcher  laboriously  calculate  it  manual- 
ly; (3)  establish  a constant  LNM  along  35°  North  latitude 
in  the  Pacific  Ocean  for  which  mass  and  salt  transports  are 
approximately  equal  to  sero;  (4)  determine  the  heat  trans- 
port of  the  North  Pacific  Ocean;  compare  the  results  with 
other  studies;  and  draw  conclusions  concerning  the  mass, 
salt,  and  heat  transports  in  the  various  layers  of  the 
cross  section;  and  (5)  provide  documentation  on  the  basic 
computer  program,  plus  additions  developed  in  this  study, 
so  as  to  aid  future  researchers  in  utilising  the  program. 
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IV.  PROCEDURE 


A.  DATA  SOURCE 

Oceanographic  data  were  initially  obtained  from  the 
Scripps  Institution  of  Oceanography  for  a cruise  made  on  the 
R/V  THOMAS  WASHINGTON  between  March  23  and  April  30,  1976. 

The  cruise,  entitled  INDOPAC  I,  obtained  data  from  98  sta- 
tions (one  at  every  whole  degree  of  longitude),  spaced  at 
an  average  distance  of  91  kilometers  along  35°  North  lati- 
tude from  California  (122°W)  to  Japan  (141°E).  The  vessel 
and  the  cruise  location  are  depicted  in  Figures  1 and  2, 
respectively. 

These  data  presented  two  problems  for  this  study.  The 
first  problem  resulted  from  the  cruise  procedure  to  alter- 
nate a deep  station  (to  near  the  ocean  bottom)  with  a 
shallow  station  (down  to  approximately  1200  meters).  To 
avoid  gross  approximations  and  to  maintain  the  required  de- 
gree of  accuracy,  geostrophic  calculations  must  be  done 
utilizing  adjacent  deep  stations.  The  deepest  standard  depth 
of  the  two  adjacent  stations  must  be  well  below  the  LNM  and 
near  the  bottom  to  avoid  transport  approximations.  Thus  ap- 
proximately half  of  the  98  stations  had  to  be  discarded  due 
to  their  shallowness  (see  second  section  of  Appendix  C) . This 
increased  the  average  distance  between  stations  from  91  to 
182  kilometers  with  a proportional  decrease  in  station  den- 
sity along  the  latitude  cross-section. 
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The  second  problem  resulted  from  a mechanical  problem 
during  the  INDOPAC  I cruise.  A malfunctioning  winch  aboard 
the  research  vessel  allowed  only  shallow  casts  (down  to  1200 
meters)  to  be  completed  for  stations  numbered  18  through  42 

I 

(139°W  through  163°W).  This  continuous  shallow  section  of 
2184  kilometers  was  much  too  long  to  allow  meaningful  geo- 
strophic  computations  between  the  two  closest  deep  stations, 
numbered  17  and  43.  Therefore  additional  data  were  sought. 

In  July  1977,  Scripps  Institution  of  Oceanography  con- 
ducted another  cruise,  entitled  INDOPAC  XVI,  which  covered 
the  aforementioned  continuous  shallow  area  along  35°N. 

INDOPAC  XVI  stations,  numbered  26  through  4 (140°W  to  162°W), 
were  utilized.  The  data  used  for  this  study  in  the  short 
section  between  140°W  and  162°W  consisted  of  INDOPAC  I data 
down  to  1200  meters  and  INDOPAC  XVI  data  from  1250  meters  to  the 
ocean  bottom.  The  actual  location  utilized  for  this  short 
section  was  that  of  the  INDOPAC  XVI  data.  The  longitude  and 
latitude  differences  between  the  two  cruises  for  the  same 
station  were  minimal. 

It  was  felt  that  synopticitv  and  continuity  were  main- 
tained for  the  March/April  1976  time  frame  since  seasonal  and 
annual  variations  are  found  mostly  above  1200  meters.  Compari- 
son of  data  below  1200  meters  between  March/April  19~6  and 
July  1977  showed  only  minor  deviations. 

The  data  for  the  INDOPAC  I cruise  were  received  on  a mag- 
netic tape  in  80  character  card  image  format  (Appendix  D) . 

The  data  from  the  INDOPAC  XVI  cruise  were  received  on  computer 
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cards  in  the  same  format.  Tape  manipulation  procedures  are 
contained  in  Appendix  A. 

B.  TRANSPORT  COMPUTATIONS 

Baker  (1978)  showed  that  the  energy  flux  or  transport 
across  any  latitude  barrier  in  the  ocean  can  be  expressed  as: 


where  os  is  the  density  of  seawater,  is  the  specific  heat 

at  constant  pressure  of  sea  water,  Ts  is  the  temperature  of  sea 

water,  V is  the  component  of  fluid  velocity  normal  to  the 
n ^ 

latitude  wall  at  a given  level  in  the  ocean,  and  dO  is  the  dif- 
ferential vertical  cross  section  area  of  the  latitude  wall. 

Jung  (.1^55)  and  Baker  (lO’S)  have  detailed  explanations  for 
the  derivation  of  Equation  (1).  For  this  study,  the  specific 
heat  at  constant  pressure  of  sea  water,  C , was  assumed  to 
have  the  value  of  unity,  since  that  introduced  only  an  in- 
significant error  (Sverdrup  e_t  al^. , 1942,  p.  o2). 

Actual  synoptic  velocities  across  any  latitude  circle 
of  great  length  for  any  ocean  are  not  feasible  to  measure  at 
this  time.  However,  with  the  assumption  of  geostrophic 
equilibrium  and  utilising  the  procedure  outlined  by  Sverdrup 
et  al . (1942,  pp.  408-411;  447-448),  temperature  and  salinity 
data  at  standard  depths  may  be  used  to  determine  dynamic 
height  values,  and  subsequently,  velocity  values.  For  oceano- 
graphic purposes,  where  physical  processes  and  forces  vary 


much  slower  than  in  the  atmosphere,  values  of  temperature 
and  salinity  obtained  in  a less  than  one  month  period  can 
be  considered  as  synoptic  data.  Therefore,  the  velocities 
obtained  by  this  study  were  considered  synoptic  velocities. 

An  IBM  360/67  computer  was  used  to  facilitate  the  num- 
erous calculations  involved.  A program  originating  in  the 
Department  of  Oceanography  of  the  U.S.  Naval  Postgraduate 
School,  entitled  "HYDRO",  and  subsequently  modified  by 
Greeson  (1974),  Mason  (1978),  and  this  study,  was  utilized 
for  the  actual  computations.  For  more  information  on  the 
program,  refer  to  Section  IV  (C)  and  Appendices  E and  F. 

Greeson  (1974)  and  Mason  (1978)  discuss  in  detail  their 
contributions  to  the  program.  Only  the  basic  ideas  behind 
the  program  will  be  discussed  here.  The  temperature  and 
salinity  data  from  the  various  depths  were  first  interpo- 
lated to  standard  depths.  All  subsequent  calculations  were 
done  down  to  the  deepest  common  standard  depth  between 
oceanographic  station  pairs.  Values  of  sigma-t,  specific 
volume  anomaly,  and  specific  volume  were  computed  for  each 
standard  depth  by  the  computer  subroutine  "SGTSVA".  An 
average  specific  volume  anomaly  between  each  pair  of  standard 
depths  for  each  station  was  computed  according  to  the  follow- 
ing equation: 


3 


^ (z+Az) 


(2) 


23 


where  6 is  the  mean  specific  volume  anomaly,  and  $T  and 
are  the  specific  volume  anomalies  at  the  standard 
depths  of  2 and  z*Az.  Density  (p)  was  determined  from  the 
inverse  of  the  specific  volume  at  a particular  salinity, 
temperature,  and  pressure. 

The  dynamic  height  difference,  AD,  between  the  standard 
depths  was  computed  by: 

AD  - 6 [z  - (z  ♦ Az) ] . (3) 

The  dynamic  height  (D)  of  each  station  was  found  by  a verti- 
cal summation  of  the  dynamic  height  differences: 

z 

J2  AD  * D . (4) 

0 

The  horizontal  distance  between  stations,  L,  was  computed  by 
the  computer  subroutine  "DSTSTA".  Geostrophic  relative 
velocity  differences  between  depths  1 and  2 in  an  area  be- 
tween adjacent  pairs  of  stations  were  computed  with  the 
Helland-Hansen  equation: 

V1  - v2  * TT  (DA  ‘ V • (*> 

where  L is  the  horizontal  distance  between  stations  A and  B, 
D^  and  D^  are  the  dynamic  heights  (or  depths)  of  stations  A 
and  B,  C equals  0.5  fl  sin  8,  ft  is  the  earth’s  angular 
velocity,  and  8 is  the  latitude. 
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Absolute  geostrophic  velocities  were  calculated  from  rela- 
tive geostrophic  velocities  once  a LNM  was  determined, 
since  the  absolute  geostrophic  velocity  is  zero  at  the  LNM. 

The  computer  subroutine  "GEOCUR"  handles  calculations  of 
Equation  (5). 

Values  of  density,  salinity,  and  temperature  were  then 
available  at  the  four  corners  of  a rectangle  composed  of  a 
pair  of  stations  and  a pair  of  standard  depths  (Figure  3). 

Values  of  velocity  were  available  at  the  horizontal  faces 
of  the  rectangle.  These  values  were  then  averaged  for  the 
entire  rectangular  area  in  numerical  steps  as  numbered  in 
Figure  3.  The  area  of  the  rectangle  was  computed  by  multi- 
plying the  increment  of  depth,  Az,  with  the  station  spacing, 

L. 

Mass  transport  for  each  rectangular  area  was  found  by 
multiplying  the  average  velocity,  the  average  density, 
and  the  area.  Salt  transport  (salt  flux)  and  heat  transport 
(heat  flux)  were  determined  by  multiplying  the  mass  trans- 
port by  the  average  salinity  and  average  absolute  tempera- 
ture, respectively. 

These  values  of  mass,  salt,  and  heat  transports  were 
then  summed  vertically  yielding  the  net  transports  for  that 
pair  of  stations.  They  were  also  summed  horizontally  to 
yield  the  net  transports  for  a particular  layer. 

When  the  LNM  was  varied,  the  absolute  velocities  varied, 
and  thus  the  transports  varied  in  turn.  Therefore,  the 
accurate  determination  of  the  LNM  was  essential  to  this  study. 
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The  LNM  was  considered  established  when  the  net  mass  and 
salt  transport  across  the  entire  Pacific  cross  section  was 
zero,  or  nearly  zero. 

Baker  (1978)  stated  that  exact  zero  fluxes  of  both 
mass  and  salt  obtained  simultaneously  was  essentially  im- 
possible to  attain  due  to  wide  data  spacing,  data  interpo- 
lation, extrapolation  techniques,  and  computer  procedures. 
Therefore  this  study  used  a zero  mass  flux  as  the  primary 
requirement  with  zero  salt  flux  as  a secondary  requirement. 
When  a satisfactory  balance  of  mass  and  salt  transport  was 
attained,  the  meridional  heat  transport  was  recorded. 

C.  COMPUTER  DETERMINATION  OF  THE  LEVEL  OF  NO  MOTION 

Prior  to  this  study,  the  LNM  was  determined  rather 
laboriously  by  a man-machine  mix  procedure.  This  was  done 
by  manually  setting  in  the  program  a constant  LNM  equal  to 
a standard  depth,  for  all  stations  and  calculating  the  net 
mass,  salt,  and  heat  transports  for  the  entire  cross-section. 
If  a selected  LNM  was  deeper  than  the  deepest  common  standard 
depth  between  the  two  stations  (such  as  near  a seamount), 
the  program  automatically  used  the  deepest  common  standard 
depth.  The  procedure  was  repeated  until  the  mass  and  salt 
transport  values  changed  algebraic  sign.  Smaller  intervals 
of  standard  depth  were  entered  into  the  computer  until  the 
values  of  mass  and  salt  transport  closely  approached  zero. 

The  value  of  the  LNM  entered  into  the  program  which  resulted 
in  values  of  mass  and  salt  transport  closest  to  zero  was 
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selected  as  the  LNM  for  that  particular  set  of  data.  This 
initial  procedure  required  a great  deal  of  time  and  expense. 
Later,  the  use  of  a linear  plot  of  several  mass  and  salt 
transport  values  versus  depth  to  determine  the  zero  cross- 
ing depth,  shortened  the  time  required  for  a LNM  determina- 
tion. However,  its  accuracy  still  required  several  addi- 
tional program  runs  near  the  actual  LNM  for  accurate  LNM 
determinations.  Figure  4 shows  an  example  where  the  LNM 
based  on  mass  transport  was  925  meters  and  the  LNM  based  on 
salt  transport  was  900  meters. 

A method  to  accurately  determine  the  LNM  in  a single 
program  run  was  desired.  A computer  routine  was  developed 
in  this  study  to  enable  the  computer  to  automatically  and 
accurately  determine  the  LNM  in  this  manner. 

Two  numerical  analysis  procedures  were  utilized,  the 
bisection  method  (method  of  halving  the  interval)  and  the 
"regula  falsi"  method  (method  of  linear  interpolation). 

The  bisection  method  was  later  discarded  since  it  took  many 
more  iterations  than  the  "regula  falsi"  method  to  achieve 
the  same  results.  Figure  5 is  a graphical  illustration  of 
the  "regula  falsi"  method  where  the  dashed  line  is  the 
solution  one  is  attempting  to  determine.  An  algorithm  to 
determine  a root  of  f(x)  ■ 0,  given  values  of  x^  and  x,  such 
that  f(x^)  and  f(x,)  are  of  opposite  sign,  is  described  by 
Gerald  (1963)  and  is  given  below: 
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DO  while  ABSCx^x^)  >.  tolerance  value  and 
iterations  £ given  value 
set  x3  - xx  - f(x2) [(x2-x1)/(f(x2)-fCx1))j 
IF  f(x3)  is  of  opposite  sign  to  fCx^: 

set  x2  ■ x3 
ELSE  set  x^  ■ x^ 

ENDIF 

ENDDO. 

It  must  be  noted  that  this  method  may  give  a false  root  if 
f(x)  is  discontinuous  in  the  interval  [x^,x2].  In  the  pro- 
gram developed  by  this  study,  LNM  is  an  abbreviation  for 
level  of  no  motion  and  TMSUM  is  an  abbreviation  for  total  mass 
transport  for  a given  level.  In  addition,  LNM1,  LNM2,  and 
LNM3  correspond  to  x^,  x2,  and  x-,  and  TMSUM1 , TMSUM2,  and 
TMSUM3  correspond  to  f(x^),  f(x,),  and  f(x3),  respectively. 

The  "regula  falsi"  method  requires  an  initial  shallow 
estimate  and  deep  estimate  of  the  LNM.  These  values  must 
bracket  the  actual  LNM  to  insure  convergence  of  the  routine. 

As  an  example:  if  an  ocean  area  is  assumed  to  have  a LNM  be- 
tween 800  and  1100  meters,  then  choose  shallow  and  deep  esti- 
mates of  650  (LNM1)  and  1250  (LNM2)  meters,  respectively. 

The  program  will  alert  the  programmer  if  he  violates  this 
rule. 

If  the  programmer  desires  to  use  a zero  salt  transport 
as  a primary  requirement  for  a LNM  determination,  a provi- 
sion has  been  incorporated  to  accomplish  this.  Actual 
documentation  and  instructions  are  included  in  the  program 
itself  (Appendix  F) . 
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D.  WATER  MASS  IDENTIFICATION 

Water  mass  identification  consisted  of  matching  known 
values  of  salinity,  temperature,  and  sometimes  depth  to  the 
averaged  values  of  temperature  and  salinity  for  each  rec- 
tangular area  bounded  by  a pair  of  stations  and  a pair  of 
common  standard  depths. 

Brown  (1974),  Williams  (1962),  Ingmanson  e£  al.  (1973), 
Sverdrup  et_  al_.  (1942),  and  Defant  (1961)  were  consulted 
for  specific  temperature  and  salinity  parameters.  No  two 
authors’  parameters  or  water  masses  were  identical  and  none 
fit  this  study's  data  perfectly.  Therefore,  a composite  of 
specific  water  mass  parameters  was  determined  and  utilized 
for  this  study  (Table  I).  Figure  6 is  a temperature- 
salinity  diagram  for  the  water  masses  involved. 

A water  mass  of  particularly  low  salinity,  33.138  °/oo 
to  34.074  °/oo,  with  a temperature  range  of  8°C  to  17°C, 
was  found  near  the  surface  off  the  coast  of  California. 

This  low  salinity  water  was  also  found  by  Brown  (1974)  in 
his  study  of  the  "Geostrophic  Circulation  off  the  Coast  of 
Central  California."  Since  it  had  not  been  previously  named 
as  a specific  water  mass,  this  study  titled  it  CALIFORNIA 
due  to  its  proximity  to  the  State  of  California  and  the 
California  Current. 

E.  BOTTOM  AREA  CONTRIBUTIONS 

The  computer  program  calculated  all  the  transports  from 
the  ocean  surface  down  to  the  deepest  common  standard  depth 
between  two  adjacent  station  pairs.  The  net  transport  values 
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TABLE  I 

TEMPERATURE  AND  SALINITY  CRITERIA  FOR  WATER 
MASS  IDENTIFICATION  IN  THE  NORTH  PACIFIC  OCEAN 

WATER  MASS  TEMPERATURE  f°C)  SALINITY (°/oo) 


Surface 

10.00  - 

20.00 

34.075  - 

34.900 

North  Pacific  Central 

10.00  - 

18.00 

34.050  - 

34.900 

California 

8.00  - 

17.00 

33.100  - 

34.074 

No.  Pacific  Intermediate 

4.00  - 

10.27 

33.840  - 

34.500 

Pacific  Subarctic 

2.00  - 

4.00 

34.000  - 

34.650 

Deep 

-1.00  - 

3.00 

34.590  - 

34.700 

Surface  water  mass  had  an  additional  requirement 
of  being  less  than  or  equal  to  150.0  meters  in  depth. 
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TEMPERATURE  - SALINITY  DIAGRAM  POR  WATER  MASS  IDENTFICATCN 

Figure  6 
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do  not  include  the  area  between  the  ocean  bottom  and  the 
deepest  common  standard  depth.  Therefore  the  bottom  area 
contribution  must  be  calculated  and  included  for  an  accu- 
rate determination  of  net  transports.  Figure  7 depicts  the 
bottom  area  as  that  area  between  the  ocean  bottom  and  the 
solid  line. 

To  determine  the  bottom  area  contribution,  a composite 
bathymettic  profile  was  determined  from  the  North  Pacific 
Ocean  Bathymetric  Atlas  (U.S.  Navy  Oceanographic  Office, 

1973)  and  from  the  depth  soundings  at  each  oceanographic 
station  of  the  two  cruises.  The  oceanographic  stations  were 
plotted  with  the  deepest  common  standard  depth  of  each  sta- 
tion pair  and  the  area  between  the  ocean  bottom  and  deepest 
common  standard  depth  was  obtained.  Velocity  was  assumed 
to  behave  linearly  between  the  geostrophic  velocity  at  the 
deepest  common  standard  depth  and  a value  of  zero  velocity 
at  the  ocean  bottom.  Therefore,  the  bottom  area  absolute 
velocity  was  equal  to  one-half  the  deepest  absolute  calcu- 
lated velocity.  Average  density,  salinity,  and  temperature 
were  assumed  constant  between  the  upper  and  lower  boundary 
of  the  bottom  area.  Transports  were  then  calculated  as  be- 
fore, multiplying  the  bottom  area  by  this  velocity,  and  then 
by  the  deepest  calculated  density,  salinity,  and  temperature. 

These  bottom  area  contributions  were  summed  for  the 
entire  latitude  section  and  then  added  to  net  transports 
previously  calculated  between  the  surface  and  the  lowest 
common  standard  depth  to  give  the  total  net  transports  of 
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mass,  salt,  and  heat  from  the  surface  to  the  ocean  bottom 
for  the  latitude  section. 

A significant  problem  can  result  for  bottom  area  contri- 
butions where  the  lowest  common  standard  depth  between  two 
adjacent  stations  is  shallower  than  the  LNM  for  the  lati- 
tudinal cross  section.  An  automatic  provision  of  the  pro- 
gram provides  for  the  LNM  to  be  assigned  to  this  shallower 
depth.  This,  in  turn,  provides  that  the  absolute  geostrophic 
velocity  at  this  point  is  assigned  a value  of  zero.  However, 
since  the  bottom  area  contribution  utilizes  the  velocity 
at  the  lowest  common  standard  depth  to  determine  mass 
transport,  it  assigns  a mass  transport  of  zero  to  the  bottom 
area. 

If  the  ocean  falls  off  rapidly  in  depth  at  this  point, 
an  extremely  large  bottom  area  contribution  would  be 
neglected.  This  problem  occurred  at  the  western  end  of 
the  35°N  latitude  section  and  has  the  potential  to  occur  in 
many  other  latitude  cross  sections  including  shoreward  tran- 
sitions at  latitude  cross  section  ends  and  at  seamounts  and 
islands  in  the  middle  of  cross  sections.  Appropriate  steps 
must  be  taken  if  this  occurs. 

For  this  problem,  at  the  western  end  of  the  35°N  lati- 
tude cross  section,  the  shallow  station  was  eliminated  and 
the  corresponding  area  was  covered  as  a peripheral  area 
contribution. 


F.  PERIPHERAL  AREA  CONTRIBUTIONS 

Peripheral  area  contributions  are  the  mass,  salt,  and 
heat  transport  values  obtained  between  the  shorelines  of 
bounding  land  masses  and  the  most  shoreward  oceanographic 
station  utilized  for  that  particular  latitude  cross  section. 

Peripheral  area  contributions  can  be  significant  to  the 
total  net  transports  depending  on  their  cross-sectional 
areas  and  inherent  current  velocities  contained  therein. 

One  should  be  particularly  aware  of  them  in  areas  where  a 
strong  meridional  current  lies  close  to  the  end  of  an  oceanic 
latitudinal  cross  section.  Examples  of  this  include  the 
Gulf  Stream  and  Kuroshio  Current  systems. 

Figure  8 illustrates  the  procedure  utilized  to  calculate 
the  peripheral  area  contributions  in  this  study.  Mass  trans- 
port is  assumed  to  have  a linear  decrease  from  the  most 
shoreward  station  mass  transport  value  to  zero  mass  transport 
at  the  shore.  In  addition,  mass  transport  is  calculated  as 
a percentage  of  the  mass  transport  previously  calculated 
between  the  adjacent  pair  of  stations.  The  percentage  is 
the  ratio  of  the  distance  between  the  shore  and  the  closest 
oceanographic  station  to  the  distance  over  which  the  closest 
mass  transport  was  calculated.  Equation  (6)  illustrates  the 
basic  formula: 

[ DTS  ] 

[MTp]a  ■ O.S[MTad.]a  -j-2-  . (6) 

where  a is  the  level  where  shore  slope  intersects  most  shore- 
ward oceanographic  station  cast,  [MT  ] is  the  peripheral  mass 

P ® 
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DEPTH  (meters) 


% m 


fuTl  r . [ore], 

[MTp]a  . .5  [MTodj]  a ~ 5T“ 

Where  a*  I to  level  where  shore  slope  intersects 
most  shoreward  oceanographic  station  cast. 


PERIPHERAL  AREA  CONTRIBUTION  EXAMPLE 


Figure  8 


transport  at  level  a,'  0.5  is  the  factor  to  account  for  lin 


* 


ear  decrease  of  mass  transport  to  shore,  [MTa(jj]a  *s  t^e 
adjacent  mass  transport  at  level  a,  DTS  is  the  distance  from 
the  closest  oceanographic  station  to  the  shore,  and  x is  the 
distance  across  which  the  adjacent  mass  transport  was  pre- 
viously calculated. 

The  peripheral  mass  transports  are  then  vertically 
summed  and  include  a bottom  area  contribution  under  the 
peripheral  area.  Peripheral  salt  and  heat  transports  are 
found  by  multiplying  the  peripheral  mass  transport  by  the 
salinity  and  temperature  at  the  closest  oceanographic  sta- 
tion, averaged  between  standard  depths. 

The  western  end  (Japan)  of  the  35°N  latitude  section  pro- 
duced a significant  amount  of  transport  contribution.  This 
was  due  mainly  to  three  reasons.  First,  the  closest  deep 
oceanographic  station  utilized  was  at  142°E  longitude,  which 
was  about  180  kilometers  from  shore.  This  distance  was  much 
larger  than  the  usual  peripheral  area  distance  to  shore. 

Second,  the  bottom  descended  rapidly  from  the  shores  of  Japan  . 
to  7000  meters  within  this  180  kilometer  distance.  Third, 
the  strong  Kuroshio  Current  was  present  in  this  area  and  pro- 
duced a great  deal  of  mass  transport  in  this  peripheral  area. 

The  peripheral  area  contribution  for  the  eastern  end 
(California)  of  the  35°N  latitude  cross  section  produced 
only  a small  transport  contribution.  This  was  in  contrast 
to  the  western  area  since  it  encompassed  only  108  kilometers, 
the  bottom  descended  only  to  2500  meters,  and  the  ocean  cur- 
rent system  was  not  nearly  as  strong  as  the  Kuroshio  system. 
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Figures  9 and  10  illustrate  the  peripheral  areas  included 
in  this  study.  The  peripheral  area  between  Japan  and  Korea 
(along  35°N)  in  the  Korea  and  Tsushima  Straits  was  neglected 
since  its  water  circulation  was  not  considered  integral  to 
the  North  Pacific  circulation,  and  it  is  assumed  to  contri- 
bute a negligible  amount  of  net  transport  across  the  latitude. 
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PERIPHERAL  AREA  CONTRIBUTION  FROM 
CALIFORNIA  COAST  AT  35#N  IN  THE 
PACIFIC  OCEAN 

Figure  10 


v.  DISCUSSION  OF  RESULTS 


A*  THE  LEVEL  OF  NO  MOTION,  MASS 
TRANSPORT,  AND  SALT  TRANSPORT 

°n'  °f  thS  °bjecUv<is  of  this  study  was  to  establish  a 
constant  UN  across  the  North  Pacific  Ocean  aiong  35-N  for 

mass  and  salt  transports  were  approximately  zero. 

The  LNM  was  determined  with  the  primary  requirement  of". 

transport  of  zero.  The  LNM  was  determined  to  be  380 
meters  when  considering  the  main  data  only.  Hereafter, 
main  data  refers  to  all  the  cruise  data  (140*E  to  i«.», 
plus  bottom  area  contributions  but  not  peripheral  area  con- 
tributions. Total  data  refers  to  the  main  data  plus 
peripheral  data. 

Since  the  peripheral  areas  had  a significant  contribu- 
tion to  mass  transport,  the  requirement  for  a LNM  solution 
was  for  the  mass  transport  to  be  near  zero  for  the  total 
data  vice  only  the  main  data.  As  can  be  seen  in  Table  II 
the  LNM  was  extremely  sensitive  to  the  small  but  signifi- 
cant  peripheral  area  contributions.  Thus,  the  final  LNM 
for  the  total  data  was  established  at  8S1  meters.  The  graph 
tn  Figure  11  illustrates  the  sensitivity  of  mass  transport 
for  the  three  areas  - main.  Japanese  peripheral  area,  and 
California  peripheral  area  - as  a function  of  slope.  The 
steeper  the  slope,  the  less  sensitive  is  the  mass  transport 
to  depth  changes.  Note  the  extreme  sensitivity  of  the 


TABLE  II 


VARIATION  OF  TOTAL  MASS  TRANSPORT  AND  HEAT  TRANSPORT 
WITH  VARIOUS  DEPTHS  OF  THE  LEVEL  OF  NO  MOTION 


DEPTH 

OF  THE 
LNM 

(METERS) 

MAIN 

MT 

MAIN 

HT 

JAP 

MT 

JAP 

HT 

CAL 

MT 

CAL 

HT 

TOTAL 

MT 

TOTAL 

HT 

826 

6.99 

1590. 

-3.68 

-.35 

2.96 

851 

3.295 

567. 

-2.965 

-767.' 

i -.315 

-87.5 

.015* 

-288  . 

852 

3.18 

534. 

-2.94 

-760. 

-.31 

-87. 

-.07 

-313. 

854 

2.92 

463. 

-2.88 

-743. 

-.31 

- 86 . 

-.27 

-366. 

858 

2.42 

324. 

-2.70 

-713. 

- . 30 

-84. 

-.58 

-473. 

859 

2.42 

292. 

-2.70 

-705  . 

- . 30 

-84. 

-.70 

-497. 

365 

1.58 

92.9 

-2.5 

-.29 

-1.21 

880 

it 

-.05 

-362. 

-1.3 

-.27 

-1.62 

Minimum  value  of  mass  transport 

NOTE : 

1.  Abbreviations  used:  mass  transport  (MT) , heat  transport 
(HT) , Japanese  peripheral  area  (JAP),  California  peri- 
perhal  area  (CAL) . 

2.  Negative  values  indicate  southward  transport. 

3.  Total  values  equal  main  plus  both  peripheral  areas. 

4.  Bottom  area  contributions  are  included. 

5.  MT  has  units  of  10*“  gm/sec  and  HT  has  units  of  10*“  cal/ 
sec. 

6.  The  LNM  without  peripheral  areas  was  determined  to  be 
880  meters  whereas  the  final  LNM,  which  includes  peri- 
pheral areas,  was  determined  to  be  851  meters. 
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Japanese  peripheral  area  mass  transport  to  depth  due  to  the 
large  horizontal  area  involved  and  the  strength  of  the 
Kuroshio  Current. 

The  corresponding  total  salt  transport  for  the  LNM  set 
at  851  meters  was  16.27  x lO1^  °/oo/sec  toward  the  polar 
region. 

B.  HEAT  TRANSPORT 

Measurement  of  the  heat  transport  across  the  35°N  lati- 
tudinal section  was  a prime  objective  of  this  study.  The 

expression,  C (T  -TJp.V  . represents  the  net  meridional 
r ps  n s s ns 

transport  of  heat  across  a latitude  section  of  the  ocean, 

where  V „ is  the  meridional  mass  transport,  T is  the 
s ns  r n 

northward  moving  water  temperature,  and  Ts  is  the  southward 
moving  water  temperature  (Baker,  1978).  CpS  is  the  specific 
heat  at  constant  pressure  of  seawater  which  we  may  assume  to 
be  unity  (Sverdrup  et  al . , 1942). 

Mass  continuity  requires  that  for  a mass  balance  to 
exist  across  a latitude  section,  the  northward  mass  trans- 
port must  cancel  the  southward  mass  transport.  However  since 
the  temperatures  of  the  waters  transported  in  opposing 
directions  may  differ,  a net  meridional  flux  of  heat  may  be 
established.  Sverdrup  (1955)  and  Vonder  Haar  and  Oort  (19^3) 
have  proposed  other  methods  of  measuring  meridional  heat 
transport,  but  only  this  method  utilizes  direct  measurements 
of  temperature  and  salinity. 

Table  II  contains  the  net  meridional  heat  transports  for 
the  main  data,  Japan  peripheral  area,  California  peripheral 
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area,  and  the  total  data  for  various  levels.  Utilizing  the 

established  LNM  of  851  meters  yielded  a southward  heat  trans- 

1 2 

port  of  288  x 10  cal/sec.  Figure  12  is  a graph  of  the 
total  meridional  heat  transports  versus  changes  in  the 
depth  of  the  LNM.  Note  the  extreme  sensitivity  of  heat 
transport  values  to  small  changes  in  the  depth  of  the  LNM. 

Table  III  compares  results  of  other  studies  on  heat 
transport  in  the  North  Pacific  Ocean  with  the  value  calcu- 
lated here.  If  one  is  to  maintain  continuity  and  thermal 
equilibrium  of  the  ocean,  then  a heat  gain  in  the  North 
Pacific  indicates  a southward  heat  flux.  Otherwise  the 
North  Pacific  would  continue  to  get  warmer  with  each  year. 
Patullo  (1957)  used  radiation  values  by  Black  (1956)  and 
calculated  a heat  gain  of  120  x 10  cal/sec  for  the  North 
Pacific  Ocean.  Albrecht  (1960)  used  EQ  * 0 for  all  oceans 
as  a basic  criterion  and  calculated  a heat  gain  for  the 
North  Pacific  at  a rate  of  157  x 101"  cal/sec.  Bryan  (1962) 
used  heat  balance  maps  of  the  oceans  compiled  by  Budvko 
(1956)  and  Albrecht  (1960)  and  data  from  the  NORPAC  Pacific 
section  made  in  August  1955  at  35°N  to  arrive  at  224  x 10 
cal/sec  southward  heat  transport.  Wvrtki  (1965)  calculated 
the  heat  exchange  for  the  Pacific  Ocean  north  of  20°S  using 
climatic  data  for  the  period  1947-1960,  averaged  over  2° 
squares  and  months.  He  concluded  there  is  a heat  gain  at 
the  average  rate  of  300  x 10*“  cal/sec.  Emig  (1967)  found  a 
northward  heat  flux  for  the  entire  North  Pacific  Ocean  although 
there  was  a southward  heat  flux  across  the  equatorial  Pacific. 


gure  12 


TABLE  III 


COMPARISON  OF  HEAT  TRANSPORT  IN  THE  NORTH 
PACIFIC  OCEAN  WITH  ESTIMATES  BY  OTHER  AUTHORS 
(negative  values  indicate  southward  transport) 


AUTHOR 

(date  of  publication) 

HEAT  TRANSPORT 
(x  101-  cal/sec) 

Sverdrup 

(1957) 

northward  heat  transport 

Patullo 

(1957) 

-120 

Albrecht 

(1960) 

-157 

Bryan 

(1962) 

-224 

Wvrtki 

(1965) 

-300* 

Emig 

(1967) 

northward  heat  transport 

Tabata 

(1975) 

southward  heat  transport 

W'hi  tfo  rd 

(1979) 

-2S8 

* 

includes 

all  of  Pacific 

Ocean  north  of  20°S 

50 


The  heat  budget  method  was  used  to  compute  heat  flux  diver- 
gence and  the  meridional  heat  transport  was  calculated  by 
integrating  the  heat  flux  divergence  according  to  Green's 
theorem.  Tabata  (1975)  concluded  that  "the  overall  heat 
transport  in  the  North  Pacific  must  be  equatorward  and  it 
is  difficult  to  imagine  it  otherwise." 

However,  earlier  estimates  by  Sverdrup  (1957)  and  numeri- 
cal models  of  the  ocean-atmosphere  climatic  models  (Bryan, 
1969;  Manabe,  1969;  Bryan  et_  al_. , 1975;  Manabe  et  £.,  1975) 
indicate  a net  poleward  transport  of  heat  (Tabata,  1975). 
Vonder  Haar  and  Oort  (1973)  also  concluded  there  is  a net 
poleward  heat  transport  in  the  North  Pacific  using  improved 
estimates  of  radiative  flux  values  from  satellite  observa- 
tions . 
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VI.  CONCLUSIONS 


This  work  represents  a synoptic  study  conducted  in  the 
North  Pacific  Ocean  to  determine  total  mass,  salt,  and 
heat  transports  from  a calculation  of  geostrophic  currents 
where  determination  of  a LNM  was  required.  Its  data  base 
covered  a complete  cross-sectional  area  from  the  shoreline 
of  Japan  to  the  shoreline  of  California  and  from  the  ocean 
surface  to  the  ocean  floor  itself. 

Magnetic  tape  data  handling  procedures  were  streamlined, 
a subroutine  to  enable  the  computer  to  automatically  deter- 
mine the  LNM  was  developed,  and  extensive  documentation  was 
added  to  a Department  of  Oceanography,  Naval  Postgraduate 
School  computer  program  to  save  future  research  time  in 
utilizing  the  program. 

A LNM  was  determined  at  a depth  of  851  meters  for  35° 
North  latitude  in  the  North  Pacific  Ocean.  This  level  was 
determined  by  including  peripheral  and  bottom  area  contribu- 
tions. The  inclusion  of  these  areas  had  a significant  effect 
on  the  determination  of  the  LNM.  Figure  11  and  Table  II 
show  the  sensitivity  inherent  in  this  area. 

A northward  salt  transport  of  16.27  x 10^  °/oo/sec  was 
determined.  This  value  was  not  as  close  to  zero  as  desired 
but  still  remained  within  the  order  of  magnitude  of  previous 
studies  that  used  this  method  in  other  oceans. 
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An  equatorward  heat  transport  of  288  x 10  cal/sec  was 
determined  for  this  cross  section.  Figure  12  and  Table  II 
show  the  extreme  sensitivity  of  heat  transport  values  to 
variations  in  the  depth  of  the  LNM. 

The  upper  water  masses  had  southward  transport  values  ap- 
proximately equal  to  the  combined  northward  transport  values 
of  the  middle,  deep,  and  bottom  water  masses  (Table  IV). 

This  implies  a shallow  but  strong  southward  transport  in 
the  upper  300  to  400  meters  balanced  by  a very  thick  but  weak 
northward  transport  at  depths  from  400  meters  to  the  ocean 
floor,  nearly  5000  meters  deeper.  It  would  have  been  ex- 
pected that  most  of  the  heat  transport  would  take  place  in 
the  upper  waters  where  the  temperatures  and  currents  are  much 
higher  and  stronger.  However  this  study  showed  that  the 
lower  temperatures  found  at  depth,  transported  at  slower 
velocities,  can  balance  the  upper  waters'  heat  transport, 
due  to  the  tremendous  volume  of  middle,  deep,  and  bottom 
water.  Therefore  oceanic  he3t  transport  must  take  into 
account  transport  at  all  depths  and  not  iust  consider  the 
surface  layers. 

The  heat  transport  value  determined  for  this  study  was 
consistent  with  several  previous  determinations  using  dif- 
ferent models  (Table  III).  Deviations  between  different 
authors'  results  may  be  due  to  seasonal  effects  and  svnop- 
ticity  (or  lack  of  it)  in  the  data  utilized.  The  extreme 
sensitivity  of  heat  transport  values  versus  deptn  of  the  LN'M 
(Figure  12)  must  be  considered  when  reviewing  a study's 


MAIN  TRANSPORTS  ACROSS  3S°N  LATITUDE 
IN  THE  PACIFIC  OCEAN 


BY  WATER  MASS  TYPE: 


WATER  MASS 

MASS 

SALT 

HEAT 

Surface 

-11.79991 

-406.27979 

-3418.89063 

Cali fornia 

-6.28005 

-210.78185 

-1792.93896 

North  Pacific 
Central 

-15.14672 

-520.27710 

-4298.21875 

Intermediate 

0.  1 7 b 0 8 

10.20034 

75.96964 

Pacific  Sub- 
arctic 

18.24092 

629.33716 

5025.82031 

Deep 

18.10057 

627.32690 

4974.23828 

BY  EACH  OF  THREE 

LAYERS: 

WATER  MASS 

MASS 

SALT 

HEAT 

Upper 

-33. 22667 

-1137. 33862 

-9S10. 04688 

Middle 

18.41699 

639.53735 

5101.78906 

Deep  and  Bottom 

18.10057 

627.32690 

4974.23828 

MAIN  TOTAL 

3.29089 

129. 52S63 

565.9804b 

NOTE: 

1.  Negative  values  indicate  southward  transports.  Data  is 

for  a LNM  of  851  meters.  ,, 

2.  Mass,  sa^t,  and  heat  transjpqrts  have  units  of  lO1"  gm/ 
sec,  10*-  */oo/sec,  and  101-  cal/sec,  respectively. 

3.  The  total  for  mass  transport  does  not  approach  :ero 
since  peripheral  areas  are  not  included  in  this  table. 
Small  differences  in  the  grand  total  from  Table  II  are 
due  to  truncation  error. 

4.  Upper  water  mass  includes  Surface,  Central,  and  Calif- 
ornia water  masses,  and  middle  water  mass  includes 
Intermediate  and  Pacific  Subarctic  water  masses. 
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If  there  is  a southward  transport  of  heat  by  the  North 
Pacific  Ocean  as  indicated  by  this  and  other  studies,  then 
this  may  be  associated  with  high  atmospheric  heat  transport 
to  the  poles,  more  than  required  for  planetary  radiation 
balance.  The  ocean  would  then  act  to  compensate  this  excess 
activity  by  the  atmosphere.  Further  work  in  this  area  is 
desirable  to  substantiate  this  idea. 
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APPENDIX  A 

MAGNETIC  COMPUTER  TAPE  PROCEDURES 


Cruise  data  from  Scripps  Institution  of  Oceanography, 

La  Jolla,  California,  were  made  available  to  the  Naval  Post- 
graduate School  in  card  image  format  (Appendix  D)  on  a 
magnetic  computer  tape.  They  were  recorded  at  1600  BPI  on 
a non-labeled  nine  track  tape.  This  appendix  will  describe 
the  procedures  utilized  to  manipulate  that  data  to  a form 
economical  and  compatible  with  the  IBM  360/67  computer  and 
this  study's  computer  program  and  to  provide  a backup  data 
medium  in  case  of  data  erasure  on  the  primary  data  medium. 
Utilization  of  these  procedures  should  save  considerable 
time  for  future  work  in  this  area. 

The  primary  data  medium  was  chosen  as  computer  cards 
with  a backup  medium  as  a magnetic  computer  tape.  These 
selections  were  made  for  several  reasons.  Magnetic  tape 
usage  slows  down  each  computer  program  turnaround  since  the 
computer  operator  must  manually  load  the  tape  each  time  the 
program  is  run.  In  addition,  this  manual  loading  precludes 
running  programs  whenever  the  computer  center  is  on  auto- 
matic (non-operator)  handling  such  as  during  portions  of  the 
weekend.  Computer  cards  offer  ease  in  editing  without  using 
the  computer.  Once  the  cards  are  in  the  form  desired,  they 
are  loaded  as  a user  library  on  a direct  access  device,  i.e., 
a 3330  disk.  This  keeps  the  data  stored  permanently  at  the 
Computer  Center  and  is  accessed  with  a small  JCL  modification 


in  the  program.  The  required  steps  to  accomplish  these 
procedures  are  described  next. 

Upon  receipt  of  the  Scripps  Institution  tape  data,  it  is 
given  to  the  Computer  Center  and  assigned  a name  by  the  user. 

For  this  example,  NPAC  was  the  name  assigned. 

The  next  step  in  handling  the  Scripps  Institution  data 
is  to  determine  the  contents  of  the  tape  and  to  confirm  that 
it  follows  the  card  image  format  specified  in  Appendix  D. 

This  is  accomplished  by  using  a general  purpose  tape  dump 
program  entitled  TAPEOUT  using  the  following  card  format: 

//  (STANDARD  JOB  CARD) 

//  EXEC  TAPEOUT, PARM- ' 1 , 0,0, 2, 0' ,VOL«NPAC, UNIT-254 
/*  (ORANGE) 

After  confirming  that  the  information  is  in  the  proper 

format,  the  non-labeled  Scripps  tape  must  be  copied  onto 

another  magnetic  tape  as  a standard  labeled  tape  for  ease 

in  handling.  The  Computer  Center  assigns  an  NPS  number  to 

the  tape  (NPS27&  for  example)  and  the  step  is  accomplished 

with  the  following  job  control  language: 

//  (STANDARD  JOB  CARD) 

//ONE  EXEC  PGM-IEBGENER 
//SYSPRINT  DD  SYSOUT=A 
//SYSIN  DD  DUMMY 

//SYSUT1  DD  UNIT-3400-4 , VOL=SER=NPAC, 

//  DISP* (OLD, PASS) , LABEL3 ( , NL) , DCB= (RECFM=B, BLKSIZE-80) 
//SYSUT2  DD  UNIT-3400-3, VOL=SER=NPS278 , 

//  DISP= ( , PASS) , DCB- (RECFM-FB , LRECL-80 , BLKSI ZE  = 3200 , DEN*  3) , 
//  LABEL* ( , SL) , DSN-FILE1 
/*  (ORANGE) 

This  new  standard  labeled  nine-track  tape  named  NPS278 
is  now  punched  out  on  the  primary  medium  of  computer  cards 
as.  follows : 
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//  (STANDARD  JOB  CARD) 

//  EXEC  PGM-IEBPTPCH 
//SYSPRINT  DD  SYSOUT-A 

//SYSUT1  DD  UNIT* 3400 -4 , VOL*SER=NPS278 , DISP* (OLD, KEEP) 

//  LABEL- (,SL), DSN-CARDS 

//SYSUT2  DD  SYSOUT-B 

//SYSIN  DD  * 

PUNCH 

/*  (ORANGE) 

The  computer  card  data  may  be  edited  to  match  the  pro- 
gram data  input  format  for  uniformity  with  previous  studies 
and  for  ease  in  reading  the  computer  cards  or  the  program's 
input  format  statement  may  be  changed  to  match  the  cards. 

When  the  data  cards  are  in  their  final  form  they  are 


• placed  on  a permanent  disk  with  the  following  job  control 
language : 

//  (STANDARD  JOB  CARD) 

//  EXEC  PGM-IEBGENER 
//SYSPRINT  DD  SYSOUT=A 
//SYSIN  DD  DUMMY 
//SYSUT2  DD  UNIT-3330, VOL-SER-DISK01,SPACE-(TRK, (20,1) , 
RLSE) , 

//  DISP-(NEW, KEEP) ,DSN-S2S57. COMBINED. MINUS. JAPAN, 
LABEL-EXPDT-79176 , 

//  DCB* (RECFM-FB, LRECL=80 , BLKSIZE-6400) 

/ / SYSUT1  DD  * 

-data  cards- 
/*  (ORANGE) 

where  DISK01  is  one  of  the  four  disks  available  for  storage, 


and  S2557. MINUS . JAPAN  is  the  name  assigned  by  the  user  to 
this  data  set  on  the  disk,  S indicates  student  and  2557  is 


the  user's  number.  In  this  example,  the  data  set  consisted 
of  3000  cards.  Since  one  track,  blocked  at  6400,  will  hold 
160  card  images,  therefore  20  tracks  will  be  required  for 


storage . 

Now  that  the  data  are  stored  on  DISK01,  the  data  may  be 
accessed  for  the  program  with  the  following  job  control 
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language : 


//  (STANDARD  JOB  CARD) 

//  EXBC  FORTCLG, REGION. GO-200K 
//FORT. SYS  IN  DD  * 

(program  deck) 

//GO . FT08F001  DD  DUMMY 

//GO. FT01F001  DD  UNIT-3330, VOL-SER-DISKOl, DISP-SHR, 

//  DSNAME-S 2 5 S7. COMBINED. MINUS. JAPAN, 

//  DCB- (RECFM-FB , LRECL-80 , BLKSI ZE-6400) , 

//  LABEL ( , , , IN) 

//GO. SYS IN  DD  * 

(data  cards,  if  any) 

/* 

The  dummy  8 JCL  card  is  useful  when  no  printout  is  de- 
sired on  some  statements  (WRITE (8 ,....) ) but  desired  on 
others  (WRITE (6 ,...)) . The  LABEL  (,,,IN)  insures  access  to 
the  stored  data  on  DISK01  without  computer  operator  assis- 
tance. This  allows  the  program  to  be  run  during  automated 
(non-operator)  computer  hours. 

Detailed  explanations  of  these  procedures  can  be  found 
in  the  W.  R.  Church  Computer  Center  User's  Manual,  Naval 
Postgraduat  School,  Monterey,  California. 
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APPENDIX  B 


STATION  PAIRS 

The  first  section  of  this  appendix  lists  the  station 
pairs  utilized  in  calculating  geostrophic  currents  for  this 
study.  The  station  pair  numbers  are  useful  in  interpreting 
Appendix  C and  are  utilized  in  this  study  only.  The  cruise 
station  indicates  the  cruise  name  and  cruise  assigned 
oceanographic  station  numbers.  Where  data  had  to  be  com- 
bined from  two  cruises,  the  location  and  date  are  that  of 
the  INDOPAC  XVI  cruise. 

The  second  section  of  this  appendix  is  a list  of  INDO- 
PAC I oceanographic  stations  not  utilized  in  this  study  due 
to  shallowness  of  cast. 


: 


I 


SECTION  I - STATION  PAIRS  UTILIZED 

STATION 


PAIR 

CRUISE  STATION 

LATITUDE/ LONGITUDE 

DATE 

INDOPAC 

1-1 

35-03. 5N/121-S6.2W 

25 

Mar 

76 

1 • 

7 

INDOPAC 

1-3 

35-00. 0N/124-00. 0W 

26 

Mar 

76 

L % 

7 

INDOPAC 

1-7 

34-59. ON/128-03. 2W 

28 

Mar 

76 

«3  • 

A 

INDOPAC 

1-9 

35-00. 0N/130-01. 4W 

29 

Mar 

76 

4 • 

C 

INDOPAC 

I - 11 

35-01. 2N/132-03.5W 

29 

Mar 

76 

j • 

K 

INDOPAC 

1-13 

34-59. 2N/134-02.0W 

30 

Mar 

76 

0 • 

7 

INDOPAC 

1-17 

35-00. 3N/137-S9.0W 

31 

Mar 

76 

/ • 

Q 

INDOPAC 

INDOPAC 

XVI -26/ 
1-19 

35-10. 6N/139-53.0W 

24 

Jul 

77 

0 • 

Q 

INDOPAC 

INDOPAC 

XVI -24/ 
1-21 

35-09. 3N/142-00. 3W 

23 

Jul 

77 

y • 

INDOPAC 

INDOPAC 

XVI - 22/ 
1-23 

35-10. 3N/143-59.SW 

*.  - 

Jul 

1 j 

10. 

INDOPAC 

INDOPAC 

XVI -20/ 
1-25 

35-10. 4N/14S-59.1W 

7 7 

Jul 

77 

11. 

INDOPAC 

INDOPAC 

XVI -18/ 
1-27 

35-10. 4N/147-53. 3W 

20 

Jul 

7 7 

12. 

INDOPAC 

INDOPAC 

XVI -16/ 
1-29 

35-10. 4N/149-S9.5W 

13 

Jul 

77 

13. 

INDOPAC 

INDOPAC 

XVI -14/ 
1-31 

35-10. 1N/151-57.0W 

17 

Jul 

- 

14. 

INDOPAC 

INDOPAC 

XVI -12/ 
1-33 

35-09. 9N/153-53.0W 

17 

Jul 

77 

15. 

INDOPAC 

INDOPAC 

XVI -10/ 
1-35 

35-09. 9N/1S6-02.4W 

15 

Jul 

/ / 

16. 

INDOPAC 

INDOPAC 

XVI -3/ 
1-37 

35-09. 2N/158-00.0W 

14 

Jul 

77 

17. 

INDOPAC 

INDOPAC 

XVI -6/ 
1-39 

35-10. 8N/1S9-59.2W 

13 

Jul 

- 1 

/ ( 

61 


18. 

INDOPAC 

XVI -4/ 

35-09. 2N/162-01.2W 

7 

Jul 

77 

19. 

INDOPAC 

INDOPAC 

1-41 

1-43 

35-00. ON/163-59. 3W 

8 

Apr 

76 

20. 

INDOPAC 

1-45 

34-57. 0N/166-00. OW 

9 

Apr 

76 

21. 

INDOPAC 

1-47 

35-02. 2N/168-00.5W 

9 

Apr 

76 

22. 

INDOPAC 

1-49 

35-00. 8N/170-00.0W 

10 

Apr 

76 

23. 

INDOPAC 

1-51 

34-56. 6N/172-02.0W 

11 

Apr 

76 

24. 

*y  c 

INDOPAC 

1-53 

35-00. 6N/174-02.0W 

11 

Apr 

76 

« j • 

'y 

INDOPAC 

1-55 

34-58. 4N/175-59.3W 

12 

Apr 

76 

4*0  t 

•>  7 

INDOPAC 

1-57 

35-01. 0N/178-01. 2W 

13 

Apr 

76 

7 Q 

INDOPAC 

1-59 

34-59. 3N/179-59.6E 

13 

Apr 

76 

L o • 

INDOPAC 

1-61 

34-59. ON/177-58. 4E 

14 

Apr 

76 

29. 

INDOPAC 

1-63 

34-58. 5N/175-57.8E 

15 

Apr 

76 

30. 

INDOPAC 

1-65 

35-00. 0N/174-00. 3E 

16 

Apr 

76 

31. 

32. 

INDOPAC 

1-66 

35-01. ON/173-02. 5E 

16 

Apr 

76 

INDOPAC 

1-67 

34-59. 7N/172-01.3E 

17 

Apr 

76 

33 . 

INDOPAC 

1-68 

35-00. 0N/171-00. 7E 

17 

Apr 

76 

34. 

INDOPAC 

1-69 

34-53. 6N/170-03. 5E 

17 

Apr 

7 6 

35. 

INDOPAC 

1-71 

34-59. 4N/168-00.0E 

18 

Apr 

76 

36 . 

3? . 

INDOPAC 

1-73 

35-01. 8N/166-01.0E 

19 

Apr 

76 

INDOPAC 

1-75 

35-04. 0N/164-08. OE 

20 

Apr 

76 

38 . 

INDOPAC 

1-77 

34-59. ON/162-04. 5E 

20 

Apr 

76 

39. 

INDOPAC 

1-79 

35-02. 0N/160-06.0E 

21 

Apr 

76 

40. 

INDOPAC 

1-81 

34-59. 2N/137-56.0E 

22 

Apr 

76 

41. 

INDOPAC 

1-83 

35-03. 3N/155-55.5E 

23 

Apr 

76 

42. 

INDOPAC 

1-85 

34-58. 5N/153-57.8E 

23 

Apr 

76 

62 


43. 


44. 

45. 

46. 


47. 


48. 


49. 


INDOPAC 

1-87 

35-02. ON/151-54. 5E 

24 

Apr 

76 

INDOPAC 

1-89 

35-00. ON/149-52. 0E 

25 

Apr 

76 

INDOPAC 

1-91 

34-56. 5N/147-S9.4E 

25 

Apr 

76 

INDOPAC 

1-92 

35-12. 2N/147-00.3E 

26 

Apr 

76 

INDOPAC 

1-93 

34-58. 2N/146-01.0E 

26 

Apr 

76 

INDOPAC 

1-95 

34-58. SN/144-00.5E 

27 

Apr 

76 

INDOPAC 

1-97 

35-03. ON/142-01. 4E 

28 

Apr 

76 
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SECTION  II 


LIST 

OF  INDOPAC  I OCEANOGRAPHIC  STATIONS  NOT 

UTIL  I 

ZED  IN  THIS  STUDY  DUE 

TO  SHALLOWNESS  OF 

CAST 

CRUISE 

DEEPEST 

STATION 

CAST 

NUMBER 

LATITUDE/ LONGITUDE 

DATE 

(METERS) 

2 

34-53. GN/123-0S.1W 

26  Mar  76 

1200 

4 

34-59. 3N/124-S9.8W 

27  Mar  76 

1000 

S 

35-00. 7N/126-01.0W 

27  Mar  76 

1646 

6 

35-01.  ON/126-59. 11V 

28  Mar  76 

1200 

3 

34-58. 8N/129-02.2W 

28  Mar  76 

1200 

10 

35-01. 6N/131-00.6W 

29  Mar  76 

1200 

12 

34-59. 3N/133-00.3W 

30  Mar  76 

1200 

14 

34-58. 7N/134-59.0W 

30  Mar  76 

1200 

1 5 

35-00. 4N/136-02.8W 

31  Mar  76 

1000 

16 

34-59. 1N/137-00.7W 

31  Mar  76 

1205 

13 

35-01. 2N/139-00.0W 

1 Apr  76 

1200 

20 

35-00. 5N/141-00.1W 

2 Apr  76 

1200 

22 

34-59. 4N/143-00.8W 

2 Apr  76 

1200 

24 

34-59. 2N/144-S9.9W 

3 Apr  76 

1200 

26 

34-58. SN/147-00. 7W 

3 Apr  76 

1200 

23 

35-00. 1N/148-59.9W 

4 Apr  76 

1200 

30 

34-59. 8N/151-00.4W 

4 Apr  76 

1200 

32 

34-59. 5N/153-02.1W 

5 Apr  76 

1200 

34 

34-59. 9N/1S5-02.2W 

5 Apr  76 

1200 

36 

34-53. 6N/1S7-00.2W 

6 Apr  76 

1200 

38 

35-00. 0N/1S9-00. 4W 

6 Apr  76 

1200 

40 

35-00. 2N/161-02.3W 

’ Apr  76 

1200 

42 

34-53. 8N/162-59. 31V 

7 Apr  76 

1160 

44 

34-59. 6N/165-00.3W 

3 Apr  76 

1200 

46 

35-01. 6N/166-58.0W 

9 Apr  76 

1200 

43 

34-59. 7N/168-S9.6W 

10  Apr  76 

1200 

50 

34-59. 4N/171-00.9W 

10  Apr  76 

1156 

52 

35-01. 6N/172-S9.9W 

11  Apr  76 

1200 

54 

54-59. 3N/175-00.3W 

12  Apr  76 

1200 

56 

35-00. 4N/176-58.1W 

12  Apr  76 

1139 

53 

34-59. 6N/179-00.6W 

13  Apr  76 

1200 

60 

34-59. 3N/179-00.5E 

14  Apr  76 

1200 

62 

34-59. 1N/176-S8.3E 

15  Apr  76 

1200 

64 

35-01. 1N/17S-01.2E 

15  Apr  76 

1200 

70 

34-59. 5N/163-56. 9E 

18  Apr  76 

1200 

72 

35-00. 5N/16"-00.9E 

18  Apr  76 

1200 

74 

35-00. 1N/165-00.4E 

19  Apr  76 

1008 

76 

34-57. 9N/162-58.4E 

20  Apr  76 

1200 

35-00. 5N/161-00. IE 

21  Apr  76 

1128 

80 

34-57. 6N/153-57.7E 

22  Apr  76 

1200 

i 
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■ 


82 

35-02. 1N/156-57.3E 

22  Apr  76 

1137 

84 

34-59. 2N/155-00.6E 

23  Apr  76 

1139 

86 

34-57. 9N/152- 54 . 6E 

24  Apr  76 

1116 

88 

35-00. 1N/150-58.5E 

24  Apr  76 

1163 

90 

34-58. 4N/148-59. 0E 

25  Apr  76 

1200 

94 

34-53. 6N/144-58. IE 

27  Apr  76 

800 

96 

35-01. 8N/142-57.3E 

28  Apr  76 

1200 

98 

35-02. 4N/140-59.4E 

29  Apr  76 
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APPENDIX  C 

MASS,  SALT,  AND  HEAT  TRANSPORTS  BY  LOCATION  AND  WATERMASS 

The  following  pages  contain  the  net  mass,  salt,  and 
heat  transports  for  each  water  mass  of  each  station  pair. 
The  location  of  indicated  station  pair  is  obtained  from 
Appendix  C.  Mass,  salt,  and  heat  transport  values  are  in 
units  of  1012  gm/sec,  1012  °/oo/sec,  and  1012  cal/sec, 
respectively.  Negative  values  indicate  equatorward  trans- 
ports . 


WATER. MASS 

MASS 

SALT' 

HEAT 

Station  Pair  l: 

INDOPAC  1-1  to 

INDOPAC  1-3 

Surface 

o 

o 

0.0 

0.0 

California 

-0.34410 

-11.52099 

-97.74341 

N.  Pac.  Central 

0.0 

0.0 

0.0 

Intermediate 

0.37084 

12.66023 

103.64563 

Subarctic 

-5.63105 

-194.77899 

-1551.80078 

Deep 

O 

o 

0.0 

0.0 

Subtotal 

-5.60431 

-193.63974 

-1545.89844 

Station  Pair  2: 

INDOPAC  1-3  to 

INDOPAC  1-7 

Surface 

0.0 

0.0 

0.0 

Califo rnia 

0.27527 

9.20514 

78.04015 

N.  Pac.  Central 

0.0 

0.0 

0.0 

Intermediate 

0.61529 

20.98962 

171.76651 

Subarctic 

0.27827 

9.61501 

76.79755 

Deep 

0.44796 

15.52911 

123.08189 

Subtotal 

1.61679 

55.33887 

449 . 685’9 

Station  Pair  3: 

INDOPAC  1-7  to 

INDOPAC  1-9 

Surface 

0.0 

0.0 

0.0 

California 

-4.10131 

-136.99156 

-1167.87720 

N.  Pac.  Central 

0.0 

•0.0 

0.0 

Intermediate 

-2.91873 

-99.37216 

-816.09326 

Subarctic 

5.43740 

187.97072 

1497.94897 

Deep 

12.81396 

444.25488 

3520.31 56" 

Subtotal 

11.23132 

395.86182 

3034 .29419 

Station  Pair  4: 

INDOPAC  1-9  to 

INDOPAC  I -11 

Surface 

0.0 

0.0 

0.0 

California 

0.88616 

29.67451 

253.34891 

N.  Pac.  Central 

0.0 

0.0 

0.0 

Intermediate 

0.34405 

11.72090 

96.07492 

Subarctic 

-4.41877 

-152.79330 

-1216.86426 

Deep 

-15.19988 

-527.01074 

-4175.45313 

Subtotal 

-18.38843 

-638.40845 

-5042.89063 

WATER  MASS 

MASS 

SALT 

HEAT 

Station  Pair  5: 

INDOPAC  I -11  to 

INDOPAC  1-13 

Surface 

0.0 

0.0 

0.0 

California 

-1.84389 

-62.03488 

-528.31152 

N.  Pac.  Central 

0.0 

0.0 

0.0 

Intermediate 

-0.4S856 

-15.60684 

-128.28625 

Subarctic 

1.83607 

63.51488 

505.69043 

Deep 

8 . 53072 

295.80396 

2343.43359 

Subtotal 

8.06434 

281.67700 

2192.52612 

Station  Pair  6: 

INDOPAC  1-13  to 

INDOPAC  1-17 

Surface 

0.0 

0.0 

0.0 

Califo rnia 

0.01177 

0.40524 

3.65422 

N.  Pac.  Central 

0.0 

0.0 

0.0 

Intermediate 

-0.86966 

-29.56479 

-244.23706 

Subarctic 

0.37648 

12.98822 

104.00803 

Deep 

-0.20602 

-7.14607 

-56.58417 

Subtotal 

-0.68742 

-23.31738 

-193.15898 

Station  Pair  7 : 

INDOPAC  1-17  to 

INDOPAC  XVI -26/ I 

-19 

Surface 

0.0 

0.0 

0.0 

California 

-0.25076 

-8  . 51281 

-72.29599 

N'.  Pac.  Central 

0.0 

• 0.0 

0.0 

Intermediate 

0.00163 

0.05310 

0.60259 

Subarctic 

-0.38189 

-13.21926 

-105.05971 

Deep 

-2.92392 

-101.38283 

-803.17651 

Subtotal 

-3.55495 

-123.06178 

-979.92944 

Station  Pair  3 : 

INDOPAC  XVI -26/ I 

-19  to  INDOPAC  XVI -24/ I -21 

Surface 

0.0 

0.0 

0.0 

California 

-0.67032 

-22.73459 

-192.23236 

N.  Pac.  Central 

0.0 

0.0 

0.0 

Intermediate 

-0.77323 

-26.31097 

-216.78447 

Subarctic 

1.40092 

48.44319 

385.73755 

Deep 

7.75134 

268.75513 

2129.20654 

Subtotal 

7.70871 

268.15259 

2105.92725 
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WATER  MASS  MASS  SALT  HEAT 

Station  Pair  9:  INDOPAC  XVI-24/I-21  to  INDOPAC  XVI-22/I-23 


Surface 

0.0 

0.0 

0.0 

Cal ifornia 

0.14009 

4.75861 

40.34361 

N.  Pac.  Central 

0.06472 

2.20394 

18.72963 

Intermediate 

-0.16206 

-5.51509 

-45.28922 

Subarctic 

-0.15259 

-5.30570 

-41,80907 

Deep 

-3.12593 

-108.38799 

-858.62622 

Subtotal 

-3.23577 

-112.24622 

-886.65112 

:ion  Pair  10 : 

INDOPAC  XVI- 

22/1-23  to  INDOPAC 

XV I-20/I-25 

Surface 

-0.19286 

-6.59413 

-55.91312 

California 

-Q. 23427 

-7.96909 

-67 .12183 

N.  Pac.  Central 

-0.09939 

-3.39154 

-28.21126 

Intermediate 

-0.50310 

-17.12782 

-141.05803 

Subarctic 

1.15238 

39.81818 

317 . 52393 

Deep 

3.00631 

104.23486 

825.79907 

Subtotal 

3.12908 

108.97046 

351.01855 

:ion  Pair  11 : 

INDOPAC  XVI- 

20/1-25  to  INDOPAC 

XVI -18/ 1-27 

Surface 

-0.54651 

-18.67084 

-157.45361 

Califo rnia 

0.0 

Q.O 

0.0 

N.  Pac.  Central 

-0.31730 

-10.84622 

-90.09114 

Intermediate 

-0.65235 

-22.21384 

-182.97899 

Subarctic 

0.38166 

13.13303 

105.17566 

Deep 

2.88119 

99.89867 

791.41943 

Subtotal 

1.74669 

61.35081 

466.07153 

:ion  Pair  12: 

INDOPAC  XVI- 

18/1-27  - INDOPAC 

XVI-16/I-29 

Surface 

-0.38788 

-13.24891 

-111.82310 

California 

-0.14872 

-5.06161 

-42.74556 

N.  Pac.  Central 

-0.20832 

-7.12382 

-59.20682 

Intermediate 

-0.57257 

-19.50002 

-160 . 58276 

Subarctic 

1.66544 

57.54994 

453.81104 

Deep 

4.96733 

172.21225 

1364.54297 

Subtotal 

5.31527 

184.82785 

1448.99561 
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WATER  MASS 


Station  Pair  13: 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


MASS 

INDOPAC  XVI 
0.78088 
0.0 

1.61227 
1.78792 
-3.87340 
-11.13172 
-10.82405 


Station  Pair  14: 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  XVI- 
-0.28040 
0.0 

-0.40749 
-0.87127 
1.69664 
5.46245 
5.59993 


Station  Pair  15: 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  XVI 
0.82654 
0.0 

0.29439 
0.55431 
-0.83490 
-8.43979 
-7.59945 


16 


Station  Pair 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  XVI 
-1.18198 
0.0 

-0.45812 
-0.79329 
2.30197 
10.39701 
10.26558 


SALT 

-16/1-29  to  INDOPAC 
26.74231 
0.0 

54.97591 

60.88583 

-133.81140 

-385.91162 

-377.11890 

-14/1-31  to  INDOPAC 
-9.56191 
0.0 

-13.91642 

-29.67528 

58.62651 

189.37157 

194.84448 

-12/1-33  to  INDOPAC 
28.19444 
0.0 

10.06885 

18.88911 

-28.84314 

-292.67847 

-264.36914 

-10/1-35  to  INDOPAC 
-40.38577 
0.0 

-15.68106 

-27.04507 

79.49214 

360.55981 

356.93994 


HEAT 

XVI -14/1-31 
226.41249 
0.0 

459.87744 

501.13086 

1067.35962 

3057.64551 

2937.58447 

XVI -12/1-33 
-80.05515 
0.0 

-115.52618 

-244.27370 

467.40771 

1500.40381 

1527.95630 

XVI-10/I-35 

237.31958 

0.0 

83.49960 

155.55942 

-229.99123 

2318.19800 

2071.81055 

XVI -8/1-37 
-359.25928 
0.0 

-130.06287 

-222.69713 

634.26563 

2855.87720 

2798.12354 
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WATER  MASS 


MASS 


SALT 


HEAT 


Station  Pair  17 : 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  XVI -8/ I 
0.02242 
0.0 

-0.18901 
-0.42116 
-0.12354 
1.17090 
0.45961 
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Station  Pair 
Surface 
Califo rnia 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  XVI -6/ I 

0.88051 

0.0 

0.30463 
0.75854 
-1.68111 
-7.67737 
-7.41479 


■37  to  INDOPAC 
0.76722 
0.0 

-6.47177 

-14.34603 

-4.27237 

40.61169 

16.28876 

-39  to  INDOPAC 

30.15190 

0.0 

10.42982 

25.85313 

-58.07181 

-266.20776 

-257.84473 


Station  Pair  19 : 
Surface 
California 
N.  Pac.  Central 


Intermediate 

Subarctic 

Deep 

Subtotal 


INDOPAC  XVI -4/ I 
-0.74362 
0.0 

-0.32069 
-0.78714 
1.38000 
4.70013 
4.22868 


41  to  INDOPAC 
-25.46718 
0.0 

-10.97776 

-26.83102 

47.65797 

162.97961 

147.36163 


Station  Pair  20: 
Surface 
California 
N.  Pac.  Central 
Intermediate 


INDOPAC  1-43 
-0.44325 
0.0 

-0.16323 

-0.14943 


to 


INDOPAC  1-45 
-15.20156 
0.0 

-5.59268 

-5.09439 


Subarctic 

Deep 

Subtotal 


0.91408 

3.74671 

3.90487 


31 . 56805 
129.92007 
135.59950 


XVI -6/1-39 
6.62209 
0.0 

-53.66077 

-117.94626 

-34.02327 

321.63330 

122.62511 

XVI-4/I-41 

252.51637 

0.0 

86.50900 

212.76993 

-463.06519 

-2108.83472 

-2020.10474 

1-43 

-212.91193 

0.0 

-91.05777 

-220.81099 

380.21387 

1291.07642 

1146.50977 

-127.09561 

0.0 

-46.38217 

-41.92204 

251.83015 

1029.19360 

1065.62373 


1 

I 


WATER  MASS 


MASS 


SALT 


Station  Pair  21:  INDOPAC  1-45  to  INDOPAC  1-47 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


0.12034 

0.0 

-0.02530 

-0.06985 

-1.17426 

-5.17527 

-6.32435 


4.13117 

0.0 

-0.86673 

-2.38071 

-40.57924 

-179.46333 

-219.15883 
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Station  Pair 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  1-47  to 
-0.19584 
0.0 

-0.0ol79 
-0.02443 
-0.10402 
.2.88897 
2.50289 
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Station  Pair 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  1-49  to 
-0.81059 
0.0 

-0.75578 
-0.57077 
1.85098 
5.43051 
5.14435 


24 


Station  Pair 
Surface 
California 
N.  Pac.  Central 
Intermediate 
Subarctic 
Deep 

Subtotal 


INDOPAC  I -51 
-27.88806 
0.0 

-25.92561 

-19.45016 

63.94165 

188.30228 

178.98009 


INDOPAC  1-51  to 
0.91111 
0.0 

0.62588 
0.37658 
-1.07073 
-2.30496 
-1.46212 


INDOPAC  1-53 
31.34311 
0.0 

21.47806 

12.83750 

-37.00085 

-79.92809 

-51.27026 


HEAT 


34.53850 

0.0 

-7.18025 

-19.70047 

-323.38037 

•1421.61304 

•1737.33545 


INDOPAC  1-49 
-6.73650 
0.0 

-2.12041 

-0.83227 

-3.56950 

100.19978 

86.94110 


-56.23064 

0.0 

-17 . 58345 
-6.37055 
"6265 

~9 l . a 906 
6S4 . 0 155 


-232.41499 

0.0 

-214.95976 

-160.00627 

509.78687 

1491.80713 

1394.21289 


261.09204 

0.0 

178.06178 

105.72375 

-294.79590 

-633.16870 

-383.08691 


72 


WATER  MASS 


MASS 


SALT 


HEAT 


Station  Pair  25:  INDOPAC  I-S3  to  INDOPAC  1-55 


Surface 

0.00052 

0.01576 

0.07195 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

0.15641 

5.36456 

44.43938 

Intermediate 

0.23339 

7.95134 

65.29933 

Subarctic 

2.03157 

70.32469 

558.71191 

Deep 

0.0 

0.0 

0.0 

Subtotal 

2.42188 

83.65634 

668.52246 

Station  Pair  26:  INDOPAC  1-55 

to 

INDOPAC  1-57 

Surface 

-0.40339 

-13.91084 

-116.00259 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

-0.12690 

-4.35765 

-36.11740 

Intermediate 

-0.24878 

-8.48083 

-69.91991 

Subarctic 

-0.12203 

-4.16505 

-33.84161 

Deep 

0.0 

0.0 

0.0 

Subtotal 

-0.90110 

-30.91435 

-255.88152 

Station  Pair  27:  INDOPAC  1-57 

to 

INDOPAC  1-59 

Surface 

0.51292 

17.68102 

147.46086 

California 

0.0 

0.0 

C.O 

N.  Pac.  Central 

0.22773 

7.82102 

64.81224 

Intermediate 

0.22897 

7.80677 

64.40731 

Subarctic 

0.05770 

1.92475 

16.22656 

Deep 

-1.66732 

-57.78220 

-458.03979 

Subtotal 

-0.64001 

-22.54866 

-165.13232 

Station  Pair  28:  INDOPAC  1-59 

to 

INDOPAC  1-61 

Sur face 

1.31125 

45.15105 

376.21484 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

0.70994 

24.36292 

201.76183 

Intermediate 

0.94561 

32.23195 

265.04395 

Subarctic 

-1.09753 

-37.82498 

-302.63013 

Deep 

-0.92162 

-31.93069 

-253.22672 

Subtotal 

0.94765 

31.99023 

287.16357 

WATER  MASS 

MASS 

SALT 

HEAT 

Station  Pair  29: 

INDOPAC  1-61 

to 

INDOPAC  1-63 

Surface 

-3.59019 

-123.76407 

-1030.72778 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

-2.56340 

-88.03937 

-729.50342 

Intermediate 

-1.74764 

-59.58736 

-490.03564 

Subarctic 

5.29578 

182.77779 

1458.89746 

Deep 

6.88757 

238.70728 

1892.11670 

Subtotal 

4.28212 

150.09427 

1100.74731 

Station  Pair  30: 

INDOPAC  1-63 

to 

INDOPAC  1-65 

Surface 

-0.15224 

-5.26284 

-43.87347 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

0.24923 

8 . 56761 

71.02879 

Intermediate 

0.21326 

7.26891 

59.78746 

Subarctic 

-2 .15779 

-74.54037 

-594.12646 

Deep 

-3.69741 

-128.15607 

-1015.80859 

Subtotal 

-5.54495 

-192.12274 

-1522.99194 

Station  Pair  31: 

INDOPAC  1-65 

to 

INDOPAC  1-66 

Surface 

-1.83890 

-63.62831 

-530.48462 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

-1.34018 

-46.16931 

-383.43848 

Intermediate 

-0.37616 

-12.85046 

-106.00470 

Subarctic 

0.56353 

19.49954 

155.01086 

Deep 

1.14305 

39.60867 

314.07666 

Subtotal 

-1.84865 

-63.53987 

-550.84009 

Station  Pair  32: 

INDOPAC  1-66 

to 

INDOPAC  1-6  7 

Surface 

Q.6Q493 

20.94135 

174.57314 

California 

0.0 

Q.O 

0.0 

N.  Pac.  Central 

0.16283 

5.60705 

46.54575 

Intermediate 

0.12362 

4.22784 

34.89668 

Subarctic 

0.0 

0.0 

0.0 

Deep 

0.0 

0.0 

0.0 

Subtotal 

Q. 89138 

30.77621 

256.01538 

WATER  MASS 

HASS 

SALT 

HEAT 

Station  Pair  33: 

INDOPAC  1-67 

to  INDOPAC  1-68 

Surface 

4.10387 

141.81090 

1180.00439 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  3.03907 

104.48322 

865.98193 

Intermediate 

0.33748 

11.52778 

95.0S1S9 

Subarctic 

0.0 

0.0 

0.0 

Deep 

0.0 

0.0 

0.0 

Subtotal 

7.48042 

257.82178 

2141.03784 

Station  Pair  34: 

INDOPAC  1-68 

to  INDOPAC  1-69 

Surface 

-4 .5880.1 

-158.58734 

-1320.50317 

Califo rnia 

0.0 

0.0 

0.0 

N.  Pac.  Central 

-2.83762 

-97. 63135 

-809.27686 

Intermediate 

-1.76620 

-60.25754 

-495.57324 

Subarctic 

5.55132 

190.80193 

1533. "2778 

Deep 

0.0 

0.0 

0.0 

Subtotal 

-3.64050 

-125.67412 

-1091.62549 

Station  Pair  35: 

INDOPAC  1-69 

to  INDOPAC  1-71 

Surface 

-4.82213 

-167.00636 

-1393.22656 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central 

-5.50619 

-189.97359 

-1578.02490 

Intermediate 

-1.89416 

-64.66539 

-533.55200 

Subarctic 

9.59420 

331.03271 

2643.99854 

Deep 

39.68202 

1375.90967 

10899.85938 

Subtotal 

37.05374 

1285.29712 

10039.05078 

Station  Pair  36: 

INDOPAC  1-71 

to  INDOPAC  1-73 

Surface 

1.84924 

64.05840 

534.57837 

California 

Q.O 

0.0 

0.0 

N.  Pac.  Central 

2.67256 

92.23613 

766.52148 

Intermediate 

0.61233 

20.39281 

172.75806 

Subarctic 

-4.50899 

-155.43121 

-1243.47095 

Deep 

-17.34517 

-601.41431 

-4764.63672 

Subtotal 

-16.72002 

-579.65796 

-4534.24609 

75 


WATER  MASS 


MASS 


SALT 


HEAT 


Station  Pair  37 : 

INDOPAC  1-73 

to  INDOPAC  1-75 

Surface 

8.43444 

291.74780 

2429 

California 

0.0 

0.0 

0 

N.  Pac.  Central 

5.91585 

203.59259 

1689 

Intermediate 

4.15967 

141.97418 

1168 

Subarctic 

-14.51854 

-501.29492 

-3999 

Deep 

-63.79919 

-2212.35474 

-17524 

Subtotal 

-59.80775 

-2076.33496 

-16236 

Station  Pair  38 : 

INDOPAC  1-75 

to  INDOPAC  1-77 

Surface 

1.51764 

52.33044 

434 

California 

0.0 

0.0 

0 

N.  Pac.  Central 

0.43191 

14.81273 

122 

Intermediate 

0.64522 

21.98192 

13  0 

Subarctic 

0.10020 

3.47288 

27 

Deep 

-0.07688 

-2.69718 

-21 

Subtotal 

2.61309 

89.90077 

744 

Station  Pair  39: 

INDOPAC  1-77 

to  INDOPAC  1-79 

Surface 

-2.2Q712 

-76.18704 

-632 

California 

0.0 

0.Q 

0 

N.  Pac.  Central 

-0.56838 

-19.51607 

-161 

Intermediate 

-0.61128 

-20.83438 

-171 

Subarctic 

1.46353 

50.52914 

403 

Deep 

8.97609 

311.15283 

2465 

Subtotal 

7 . 05233 

245.14449 

1902 

Station  Pair  40: 

INDOPAC  1-79 

to  INDOPAC  1-81 

Surface 

-6.67943 

-231.41876 

-1926 

California 

0.0 

0.0 

0 

N.  Pac.  Central 

-4.72958 

-162.93047 

-1352 

Intermediate 

-3.07051 

-104.74426 

-861 

Subarctic 

3 . 57957 

296.11401 

2363 

Deep 

21.72964 

753.26099 

5968 

Subtotal 

15.32988 

550.28149 

4192 

15039 

0 

28101 

25537 

28662 

32422 

92578 

32910 

0 

57652 

62511 

.53091 

00049 

06104 

.65112 

0 

55385 

44650 

10132 

52759 

97778 

17139 

0 

38696 

50024 

65771 

32031 

41797 
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• WATER  MASS 

MASS 

SALT 

HEAT 

Station  Pair  41: 

INDOPAC  1-81 

to  INDOPAC  1-83 

Surface 

10.39897 

358.80591 

2941.84790 

California 

0.0 

0.0 

O 

• 

o 

N.  Pac.  Central  0.0 

0.0 

0.0 

Intermediate 

24.89851 

856.97339 

7016.69141 

Subarctic 

-10.72767 

-370.34082 

-2955.11108 

Deep 

-30.79559 

-1067.64014 

-8459.19922 

Subtotal 

-6.22578 

-222.20166 

-1455.77344 

Station  Pair  42: 

INDOPAC  1-83 

to  INDOPAC  1-85 

Surface 

0.0 

0.0 

0.0 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  o.O 

0.0 

0.0 

Intermediate 

-11.13165 

-381.63599 

-3115.13086 

Subarctic 

-4.12278 

-142.34567 

-1135.55542 

Deep 

-24.12177 

-836.32788 

-6625.86719 

Subtotal 

-39.37619 

-1360.30933 

-10876.55078 

Station  Pair  43 : 

INDOPAC  1-85 

to  INDOPAC  1-87 

Surface 

-11.86495 

-409.72852 

-3400.62207 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  -6.53071 

-224.34108 

-1857.78955 

Intermediate 

-6.98588 

-239.04507 

-1963.00635 

Subarctic 

14.80660 

511.36450 

4077.65576 

Deep 

63.90004 

2215.72534 

17551.91406 

Subtotal 

53.32509 

1853.97510 

14408.15234 

Station  Pair  44: 

INDOPAC  1-87 

to  INDOPAC  1-89 

Surface 

9.55035 

330.52783 

2746.96289 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  6.79643 

233.66109 

1936.22144 

Intermediate 

4.32764 

147.81053 

1214.24023 

Subarctic 

-9.77676 

-337.52832 

-2693.31445 

Deep 

-40.78888 

-1414.39648 

-11204.49609 

Subto  tal 

-29.89122 

-1039.92578 

-8000.38672 

WATER  MASS 

fUSS 

SALT 

HEAT 

Station  Pair  45: 

INDOPAC  1-89 

to 

INDOPAC  1-91 

Surface 

-7.88103 

-272.73291 

-2273.40381 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  -3.76135 

-129.32088 

-1072.31372 

Intermediate 

-3.50387 

-119.56943 

-982.67749 

Subarctic 

5.35035 

184.74051 

1473.73755 

Deep 

18.51855 

642.15063 

5086.82813 

Subtotal 

8.72266 

305.26807 

2232.17065 

Station  Pair  46: 

INDOPAC  1-91 

to 

INDOPAC  1-92 

Surface 

7.14235 

247.48308 

2067.33813 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  3.73588 

128.50659 

1065.16919 

Intermediate 

3.37432 

114.92603 

945.06250 

Subarctic 

-5.24007 

-180.82317 

-1443.35498 

Deep 

-86.58156 

- 

•3002.55469 

-23777.21484 

Subtotal 

-77.56908 

- 

■2692.46240 

-21143.00000 

Station  Pair  47 : 

INDOPAC  1-92 

to 

INDOPAC  1-93 

Surface 

3.87459 

133.53107 

1111.29102 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  0.0 

0.0 

0.0 

Intermediate 

3.13753 

106.86459 

877.43457 

Subarctic 

-1.61226 

-55.77979 

-443.46289 

Deep 

34,45474 

1195.03198 

9461.60156 

Subtotal 

39.85460 

1379.64771 

11006.86328 

Station  Pair  48 : 

INDOPAC  1-93 

to 

INDOPAC  1-95 

Surface 

-18.99075 

-655.46924 

-5457.36719 

California 

0.0 

0.0 

0.0 

N.  Pac.  Central  -15.83830 

-544.68604 

-4507.46484 

Intermediate 

-5.69382 

-195.17429 

-1606.75391 

Subarctic 

25.31216 

874.03882 

6970.69922 

Deep 

106.26227 

3684.56909 

29188.91016 

Subtotal 

91.05156 

3163.27832 

24588.02344 
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WATER  MASS  MASS  SALT  HEAT 

Station  Pair  49:  INDOPAC  1-95  to  INDOPAC  1-97 

Surface  3.15826  109.74318  916.96631 

California  0.0  0.0  0.0 

N.  Pac.  Central  4.66232  161.41829  1342.42090 

Intermediate  -0.24304  -8.41105  -65.71400 

Subarctic  -7.80389  -269.25635  -2150.21167 

Deep  -31.66768  -1098.02466  -8699.39453 

Subtotal  -31.89403  -1104.53052  -8655.92969 


APPENDIX  D 


CARD  IMAGE  FORMAT 


MASTER  CARD 


CARD  COL. 

1-  2 
3-  4 
5-  6 

7 

8 

9-11 

12-13 

14 

15 
16-17 
18-19 
20-21 
22-23 
24-25 
26-27 
28-29 
30-34 


36-37 

38-39 

40-41 

42-43 

44-45 

46-49 

50 

51-53 

54-56 

57 

58 

59 

60 
61 

62-63 

64-65 

66 

67-69 

70-73 

74-79 

80 


VARIABLE 

SHIP  CODE  (WT) 

LATITUDE  (DEGREES) 

LATITUDE  (MINUTES) 

LATITUDE  (TENTHS  OF  MINUTES) 
HEMISPHERE  (N  OR  S) 

LONGITUDE  (DEGREES) 

LONGITUDE  (MINUTES) 

LONGITUDE  (TENTHS  OF  MINUTES) 
HEMISPHERE  (E  OR  W) 

YEAR 

MONTH 

DAY 

HOUR  (GMT)  1 ryncT  PAST 
MINUTES  (GMT) t 5 1 

HOUR  (GMT  i ccroMn  r \ ct 
MINUTES  (GMT  } SEC0ND  CAST 
SOUNDING  (M),  i.e. 

depth  in  meters 
IF  BLANK,  SOUNDING  IN  METERS 
IF  -1,  SOUNDING  IN  FATHOMS 
WAVE  DIRECTION 
WAVE  HEIGHT  (FEET) 

WAVE  PERIOD  (SECONDS) 

WIND  DIRECTION 
WIND  FORCE  (KNOTS) 

BAROMETER 

IF  BLANK,  BAROMETER  IN  MILLIBARS 
IF  =1, BAROMETER  IN  INCHES 

WET  BULB}  AIR  TEMPERATURE 

IF  BLANK,  AIR  TEMPERATURE  IN  °C 

IF  *1,  AIR  TEMPERATURE  IN  °F 

WEATHER 

CLOUD  TYPE 

CLOUD  AMOUNT 

VISIBILITY 

WATER  COLOR 

WATER  TRANSPARENCY 

CRUISE  NAME  OR  NUMBER 

NODC  ASSIGNED  CRUISE  NUMBER 

STATION  NUMBER 

ALWAYS  1 FOR  MASTER  CARD 


80 


DATA  CARD 


CARD  COL. 


VARIABLE 


1-  5 
6 

7-11 

12 

13 


14-18 

19 

20 


21-23 

24 

25 

26-28 

29 

30-33 

34-36 

37 

33-40 

41 

42-66 

67-69 

70-73 

74-79 

80 


DEPTH  (M)  (15) 

DEPTH  FOOTNOTE  INDICATOR 
TEMPERATURE  (°C)  (F5.3) 
TEMPERATURE  FOOTNOTE  INDICATOR 
TEMPERATURE  ACCURACY  INDICATOR: 

1 * TEMP  GOOD  TO  1 DECIMAL  PLACE 

2 * TEMP  GOOD  TO  2 DECIMAL  PLACES 

3 = TEMP  GOOD  TO  3 DECIMAL  PLACES 
SALINITY  (°/oo)  (F5.3) 

SALINITY  FOOTNOTE  INDICATOR 
SALINITY  ACCURACY  INDICATOR: 

1 = SAL  GOOD  TO  1 DECIMAL  PLACE 

2 » SAL  GOOD  TO  2 DECIMAL  PLACES 

3 = SAL  GOOD  TO  3 DECIMAL  PLACES 
OXYGEN  (m4/4)  (F3.2) 

OXYGEN  FOOTNOTE  INDICATOR 
1 = OXYGEN  > 9.99 
PO,  (m4/4)  (F3.2) 

PO4  FOOTNOTE  INDICATOR 
SILICATE  (ug  at/ 4)  (F4.1) 

NITRITE  (ug  at/4)  (F3.2) 

NITRITE  FOOTNOTE  INDICATOR 
NITRATE  (ug  at/4)  (F3.1) 

NITRATE  FOOTNOTE  INDICATOR 

CRUISE  NAME  OR  NUMBER 
NODC  ASSIGNED  CRUISE  NUMBER 
STATION  NUMBER 

ALWAYS  3,  4 OR  5 FOR  DATA  CARD 


81 


I 


FOOTNOTE  CARD 


CARD  COL. 

VARIABLE 

1-64 

FOOTNOTE  INFORMATION 

67-69 

CRUISE  NAME  OR  NUMBER 

70-73 

NODC  ASSIGNED  CRUISE  NUMBER 

74-79 

STATION  NUMBER 

80 

ALWAYS  7 FOR  FOOTNOTE  CARD 

82 


APPENDIX  E 


KEY  COMPUTER  VARIABLE  DEFINITIONS 


ADH 

AHEATT 

AMASST 

AMB 

ASALTT 

AVDENS 

AVSAL 

AVT 

AVTEMP 

BDH 

BSVA 


I COUNT 

INSTA 
10, IT, IS 

KLNM 


NPA.NPB 


NSD 

0LNM3 

02 

RVEL 

S 

SGP 

SGT 

SLEV 


dynamic  height  at  station  A 
absolute  heat  transport  (10l-  cal/sec) 
absolute  mass  transport  (lQl-  gm/sec) 
dynamic  height  at  station  A minus  dynamic 
height  at  station  B ,, 

absolute  salt  transport  (10i“  gm/sec) 
average  density  in  grams/cubic  centimeter 
average  salinity  in  °/oo 
absolute  volume  transport 

average  absolute  temperature  in  degrees  Kelvin 
dynamic  height  at  station  B 

interpolated  values  of  temperature  in  degrees 
centigrade 

actual  depth  levels  of  oceanographic  cast  in 
meters 

interpolated  values  of  dvnamic  height 
interpolated  values  of  mean  specific  volume 
anomaly 

iteration  counter  for  linear  interpolation  method 
for  determining  level  of  no  motion 
number  of  oceanographic  stations  to  be  considered 
information  character  on  oxygen,  temperature, 
and  salinity,  respectively 

desirability  indicator  for  level  of  no  motion 

determination 

level  of  no  motion 

number  of  geostrophic  transports  and  currents  to 
be  calculated;  equal  to  number  of  station  pairs; 
equal  to  INSTA- 1 

number  of  depths  for  which  information  was 
obtained  on  that  cast 

station  pair  number  at  A and  B respectively;  not 

to  be  confused  with  oceanographic  cruise  station 

number;  NPA  and  NPB  are  initially  set  as  01  and 

02,  then  02  and  03,  etc. 

maximum  number  of  standard  depths 

old  level  of  no  motion  number  3 

actual  oxygen  at  level  of  oceanographic  cast  in 

ml/ 1 

relative  velocity  in  cm/sec 

actual  salinity  at  levels  of  oceanographic  cast 
in  °/oo 
sigma-t  value 

interpolated  values  of  sigma-t 
standard  level 


01  and 


cast 


SQUARE 


ce 

SSUM 

ST 

STD, SD 
SV 
SVA 
T 

TEMSUM 

VEL 

XMSUM 

Z 


number  of  previously  calculated  square  areas 
between  deepest  common  standard  depth  and  bottom; 
used  in  calculating  bottom  area  contributions 
interpolated  values  of  salinity  in  °/oo 
cumulative  total  of  absolute  salt  transport 
C 1 01 2 gm/sec) 

interpolated  values  of  temperature  in  degrees 
centigrade 

standard  depths  (interpolated  values) 
interpolated  values  of  specific  volume 
interpolated  values  of  specific  volume  anomaly 
actual  temperature  at  levels  of  oceanographic 
cast  in  degrees  centigrade 

cumulative  total  of  absolute  heat  transport  (10 
cal/sec) 

absolute  velocity  in  cm/sec  ,2 

cumulative  total  of  absolute  mass  transport  (10x 
gm/sec) 

depth  in  meters 
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APPENDIX  F 


COMPUTER  PROGRAM 
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